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Abstract	  
  
An integrative bioinformatics approach for analyses of multi-level 
transcriptional regulation and three-dimensional organization in the 
epidermis and skin appendages 
by 
Krzysztof Poterlowicz 
 
Keywords: Bioinformatics, microarray, ChIP-on-chip, chromosome 
conformation capture carbon copy (5C), transcriptional regulation, three-
dimensional genome organization 
 
The transcription in the eukaryotic cells involves epigenetic regulatory 
mechanisms that control local and higher-order chromatin remodelling. In the 
skin, keratinocyte-specific genes are organized into distinct loci including 
Epidermal Differentiation Complex (EDC) and Keratin type I/II loci. This thesis 
introduces bioinformatics approaches to analyze multi-level regulatory 
mechanisms that control skin development and keratinocyte-specific 
differentiation.  
Firstly, integration of gene expression data with analyses of linear genome 
organization showed dramatic downregulation of the genes that comprise 
large genomic domains in the sweat glands including EDC locus, compared to 
 ii 
hair follicles, suggesting substantial differences in global genome re-
arrangement during development of these two distinct skin appendages.   
Secondly, comparative analysis of the genetic programmes regulated in 
keratinocytes by Lhx2 transcription factor and chromatin remodeler Satb1 
revealed that significant number of their target genes is clustered in the 
genome. Furthermore, it was shown in this study that Satb1 target genes are 
lineage-specific.  
Thirdly, analysis of the topological interactomes of Loricrin and Keratin 5 in 
hair follicle steam cells revealed presence of the cis- and trans-interactions 
and lineage specific genes (Wnt, TGF-beta/activin, Notch, etc.). Expression 
levels of the genes that comprise interactomes show correlation with their 
histone modification status.  
This study demonstrates the crucial role for integration of transcription factor-
mediated and epigenetic regulatory mechanisms in establishing a proper 
balance of gene expression in keratinocytes during development and 
differentiation into distinct cell lineages and provides an integrated 
bioinformatics platform for further analyses of the changes in global 
organization of keratinocyte-specific genomic loci in normal and diseased 
skin. 
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Literature review 1 
1 Introduction	  
 
1.1 Background 
In the era of tissue engineering and the development of novel approaches for 
stem cell-driven organ regeneration, it is important for researchers and 
physicians to understand how multi-potent stem cells differentiate into 
specialized cell types, and why these processes are altered during many 
pathological conditions, such as cancer, autoimmune disorders, impaired 
tissue regeneration, wound healing, hair loss. 
Skin serves as an important and convenient model to study the biology of 
lineage-specific differentiation process, and serves as a source of adult stem 
cells. Moreover, during last few years, several distinct adult somatic cell 
populations isolated from the skin were successfully employed for 
reprogramming and generation of induced pluripotent cells.  
Research into genome and chromatin biology over the last two decades has 
revealed that in addition to mechanisms and transcription factor-mediated 
regulatory mechanisms, lineage-specific gene expression programs in the 
skin are also regulated epigenetically, i.e., via biochemical modification of the 
chromatin structure (reviewed in (Botchkarev et al. 2012).  
However, despite the advances in characterization of the mechanisms that 
control skin morphogenesis, computational analyses of the differences in 
gene expression between different stages of skin development, as well as 
correlation between transcription factor-mediated changes in gene expression 
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profiles and linear genomic distribution of the genes activated or repressed in 
the developing skin remain to be performed.         
Furthermore, it is unclear how linear organization of the genome in 
keratinocytes is correlated with its three-dimensional structure, and how 
bioinformatics analyses might be employed to uncover the changes in spatial 
organization of the genes in nucleus associated with cell differentiation.  
The answer to these questions will advance our understanding of the 
complexity of regulatory mechanisms that control skin development and will 
help in designing new approaches on how to modulate cell differentiation 
process in normal skin stem cells, as well as to translate this knowledge 
towards the development of novel strategies to modulate stem cells activity in 
clinical conditions accompanied by their un-controlled activation/expansion 
(cancer, autoimmune disorders) or exhausting/loss (poor skin regeneration, 
hair loss). 
 
1.2 Aims and objectives 
The Aim of this Thesis is to apply computational approaches for integration of 
the global gene expression profiling data with data on the linear and three-
dimensional genome organization obtained from the distinct skin cell lineages 
during different stages of development or post-natal differentiation. 
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The Objectives of this study are: 
1. To correlate global gene expression profiling data with data on linear 
genome organization during development of two principal types of epidermal 
appendages (hair follicles and sweat glands). 
2. To integrate global gene expression profiling and ChIP-on-chip data and 
analyse linear genomic distribution of the genes that serve as direct targets 
for Lhx2 transcription factor and epigenetic regulator Satb1 protein in 
keratinocytes. 
3. To perform analysis of the 4C-based three-dimensional organization of the 
lineage-specific genes in epithelial stem cells of the hair follicles and correlate 
these data with data on global expression profiling and epigenetic status of 
the genes that form topological associations in the nucleus. 
 
1.3 Structure of thesis 
This thesis is organized as follows: Chapter 1 provides the overall background 
information leading to project focus, aims and objectives. Chapter 2 presents 
the literature review and relevant publically available information on the 
project topic. Chapter 3 describes the materials and methods used in this 
study. Chapters 4 and 5 present the results of analyses and their discussion, 
respectively. Chapter 6 summarizes the findings and achievements of the 
work and proposes future directions of the research. Appendix contains 
Tables with relevant information presented in the Chapter 4 and reprints of the 
articles published by the author of this Thesis.  
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2 Literature	  review	  
 
During the past two decades, remarkable advances in the developmental 
biology of the skin have resulted in the rapid accumulation of an 
overwhelming amount of data on many aspects of the development and 
postnatal regeneration of the mammalian integument (see for reviews (Koster 
and Roop 2007; Schafer and Werner 2007; Blanpain and Fuchs 2009; 
Chuong and Richardson 2009; Dhouailly 2009; Delmas et al. 2011; Di Meglio 
et al. 2011; Simpson et al. 2011; Goldstein and Horsley 2012; Sennett and 
Rendl 2012). Furthermore, the power of mouse genomics has generated 
unparalleled insights into the molecular controls of murine skin 
morphogenesis, while understanding of these controls in all other mammalian 
species, including man, remains as quite limited (Nakamura et al. 2013). 
Because of the availability of information in a number of public databases 
(Gene Expression Omnibus, Array Express) for comparison and correlation of 
the results of this study, we focused our work on analyses of the large-scale 
microarray, ChIP-on-chip and 4C-seq data obtained from different stages of 
mouse skin development or from different cell populations isolated from 
mouse skin.  
In this Chapter, we overview the current information available on the 
molecular mechanisms that govern skin development (Chapter 2.1), provide 
analysis of the roles for distinct transcription and epigenetic regulators that are 
involved in execution of the lineage-specific programmes in keratinocytes 
(Chapter 2.2), as well as review the methods and approaches used for 
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analyses of the global microarray, ChIP-on-chip and 4C-seq data in 
cutaneous biology research (Chapter 2.3).  
       
2.1 Molecular mechanisms that control development of the 
skin and epidermal appendages (hair follicles and sweat 
glands) 
Skin development occurs through continuous signaling between several 
embryologically distinct progenitor cell populations (epithelial, neural crest-
derived and mesodermal/mesenchymal), which result in the formation of a 
stratified, self-renewing epithelium (epidermis), dermis, subcutaneous fat 
tissue, fascia, and a number of appendages including hair follicles, nails and 
glands (Sengel 1990; Chuong 1998). 
 
Figure 1 Scheme illustrating distinct differentiation outcomes occurring 
during skin development. 
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Skin development is a complex process, which is stringently controlled by a 
large number of the regulatory mechanisms, which can be grouped into at 
least three distinct, but inter-connected layers:  
1) Extracellular mechanisms including adhesion molecules, secreted 
regulatory molecules (e.g., growth factors and their modulators/inhibitors), etc. 
that help to establish and reorganize morphogenic fields created by a shifting 
balance between inhibitors and stimulators within a circumscribed tissue 
topology (Maini et al. 2006; Chuong and Richardson 2009; Shirakata 2010; 
Chuong et al. 2012; Lee and Tumbar 2012).   
2) Intracellular (cytoplasmic) mechanisms that include regulatory molecules 
capable of modulating the activity of signaling pathways and transmission of 
signals to the nucleus, proteolytic enzymes involved either in synthesis or 
degradation of intracellular molecules, lineage-specific cellular products (e.g., 
keratins, melanin, secretory granules) that fulfil multiple canonical and non-
canonical functions, as well as microRNA/mRNA interactions that modulate 
transcriptional outcomes within cells (Koster and Roop 2007; Blanpain and 
Fuchs 2009; Shirakata 2010; Botchkareva 2012; Lee and Tumbar 2012; Ning 
and Andl 2012; Yi and Fuchs 2012).  
3) Intranuclear and epigenetic regulatory mechanisms, such as the availability 
of lineage-specific transcription factors and accessibility of the gene regulatory 
regions to DNA-protein interactions, covalent DNA and histone modifications, 
as well as higher-order chromatin remodeling and nuclear 
compartmentalization of the genes and transcription machinery that modulate 
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the responsiveness of the distinct genomic regions to outside signals 
(Botchkarev et al. 2012; Frye and Benitah 2012; Zhang et al. 2012).  
Below, we review the most important molecular mechanisms that control 
development of the epidermis and two principal skin appendages – hair 
follicles and sweat glands in mouse skin.  
2.1.1 Molecular mechanisms that control development of the 
epidermis 
Development of the epidermis occurs as a multi-focused program to create a 
self-renewed layer of cells that is capable of establishing an effective barrier 
to prevent the influx of harmful agents from the outside and limit the water 
loss from inside, as well as to sense and generate appropriate adaptive tissue 
responses to environmental challenges. Establishment of the functional 
epidermal barrier is one of the major goals of this program, which includes a 
tightly regulated process of keratinocyte proliferation, terminal differentiation 
and shedding (Blanpain and Fuchs 2009).  
This program is regulated at several levels including extracellular 
ligand/receptor signaling pathways, lineage-specific set of transcription factors 
and epigenetic regulators that establish a sequential and well-coordinated 
process of transformation of the keratinocyte progenitor cells from the 
metabolically active state to fully keratinized cellular end product of terminal 
differentiation forming a cornified epidermal layer, which are reviewed below.  
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Figure 2 Structure and morphological organization of epidermis. 
 
2.1.1.1 Major stages of the epidermal development in mouse skin  
After cells of the embryonic ectoderm expressing epithelial keratins K8 and 
K18 become committed to the epidermal fate and begin to express p63 
transcription factor at about E8.5, keratinocyte-specific gene expression 
program is initiated and basal epidermal keratins K5/K14 become first visible 
in these cells at E9.5 (Byrne et al. 1994; Koster and Roop 2007; Blanpain and 
Fuchs 2009). During E9.5-E12.5, K5/K14 positive epidermal progenitors 
expand laterally via symmetric cell division to cover rapidly growing embryo 
(Weiss and Zelickson 1975; Lechler and Fuchs 2005). Nuclei in basal 
epidermal progenitor cells are oriented vertically and contain several nucleoli 
indicating about its active metabolic state (Rowden 1975; Lechler and Fuchs 
2005; Gdula et al. 2012). These cells retain their multi-potent properties, and 
in later stages of skin development give rise to several lineage-committed 
Literature review 9 
progenitor populations, such as cells of the periderm, cells of the epidermal 
appendages (mammary gland, hair follicle, sweat gland, nail, etc.) and 
specialized sensory Merkel cells of the epidermis.      
During this period, epidermal progenitor cells also establish adhesion to each 
other via formation of desmosomes, as well as become connected with 
underlying basement membrane via hemidesmosomes (Simpson et al. 2011). 
Cytoplasmic K5/K14 intermediate filaments not only provide mechanical 
support to epidermal progenitor cells, but also connect desmosomes and 
hemidesmosomes to the cell nucleus via interactions with proteins located at 
the outer nuclear membrane (nesprins, plectin, etc.) (Simpson et al. 2011). In 
addition, keratin filaments participate in regulation of cell signaling, translation 
and protein synthesis in epidermal progenitors, thus providing a scaffold for 
many processes associated with epidermal stratification and barrier formation 
(Gu and Coulombe 2007; Kim and Coulombe 2010). 
 
Figure 3 Morphogenesis of the epidermis in mouse skin. 
The onset of epidermal stratification in mice occurs at about E12.5, when 
basal keratinocytes begin to form intermediate epidermal layer between the 
basal layer and periderm via asymmetric cell division (Poulson and Lechler 
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2012). Intermediate layer is subsequently transformed into the spinous 
epidermal layer (Byrne et al. 1994), in which nuclei are oriented horizontally, 
their size is decreased compared to basal epidermal cells, whereas nucleoli 
are getting less numerous (Rowden 1975; Lechler and Fuchs 2005; Gdula et 
al. 2012). Keratinocytes of the intermediate/spinous layer occasionally 
proliferate and begin to express suprabasal keratins K1/K10 at about E13.5-
E14.5, whereas the expression of K5/K14 terminates in these cells (Byrne et 
al. 1994). K1/K10 play an important role in maintenance of mechanical 
integrity of the cytoplasm and nucleus, as well as in desmosome arrangement 
in keratinocytes of the intermediate layer (Wallace et al. 2012). In addition to 
desmosomes, these cells are connected to each other via adherens junctions, 
tight junctions and gap junctions (Weiss and Zelickson 1975; Simpson et al. 
2011). Cells in the upper spinous layer also contain lamellar granules 
enriched by the lipids and enzymes involved in their processing, which are 
required for the formation of the lipid component of the epidermal barrier 
(Candi et al. 2005).       
Keratinocytes of the intermediate/spinous layer further differentiate and form 
granular epidermal layer, which is first seen in mouse embryo as early as 
E14.5-E15.5 (Byrne et al. 2003). Nuclei in these cells are getting more 
elongated, their size is decreased, nucleoli are fused and concentrated at the 
nuclear interior, while heterochromatin becomes spread all over the nucleus, 
suggesting about cessation of metabolic activity in these cells (Rowden 1975; 
Gdula et al. 2012). Cells of the granular epidermal layer remain connected to 
each other via tight junctions and desmosomes (Simpson et al. 2011). One of 
the characteristic features of these cells is an accumulation of keratohyalin 
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granules, that are composed of the keratin intermediate filaments and several 
other proteins encoded by the genes that constitute epidermal differentiation 
complex (EDC) locus located on chromosome 3 (Chu et al. 2007).  
These proteins (filaggrin, involucrin, loricirin, trichohyalin, small proline-rich 
and late cornified cell envelope proteins, etc.) promote aggregation of keratin 
filaments into thick bundles, and, after transglutaminase-mediated cross-
linking, form a scaffold just beneath the plasma membrane to assemble the 
cornified envelope in a complex with intracellular lipids released from the 
lamellar granules (Candi et al. 2005). Transglutaminases are involved in the 
cross-linking of these proteins between each other and also with 
desmosomes, which play an important role in the attachment of cornified 
envelope to plasma membrane (Simpson et al. 2011).  
The final step of the differentiation process of epidermal cells is a formation of 
the cornified layer, which occurs in mouse embryo between E17.5-E18.5 
(Byrne et al. 2003). Cells of the granular epidermal layer undergo 
cornification, which represents a unique form of cell death and includes 
formation of the cytoplasmic cornified envelope, a submembranous structure, 
in which intermediate filaments, proteins, lipids, fragments of the degraded 
organelles and nucleus are cross-linked (Simpson et al. 2011). Cornified 
envelope is linked to desmosomes, which form corneo-desmosomes binding 
cornified cells together (Candi et al. 2005; Simpson et al. 2011). Cornified 
cells are surrounded by a continuous extracellular lipid matrix forming multi-
layered structure, which operates as a water-proof barrier preventing from 
penetration of harmful organisms or chemicals and protecting from water loss 
(Chu et al. 2007). However, cornified cells are eventually shed, and this 
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process includes degradation of the corneo-desmosomes in the upper corneal 
layers (Chu et al. 2007). 
2.1.2 Signaling, transcription factor-mediated and epigenetic 
regulatory mechanisms that control epidermal development 
p63 transcription factor operates as master regulator of this program and 
subsequently and stage-dependently induces in the epidermal progenitor cells 
expression of several groups of genes encoding the essential components of 
the cytoskeleton (keratins 5 and 14), cell adhesion molecules (P-cadherin, 
integrin-α3, Perp, dystonin, etc.), cell matrix regulators (Fras-1), transcription 
factors (AP-2γ, IKKα, IRF6) and epigenetic regulators (Satb1, Brg1) involved 
in the control of epidermal differentiation (Koster and Roop 2007; 
Vanbokhoven et al. 2011; Botchkarev et al. 2012) 
Genetic p63 ablation in mice results in the failure of stratification of the 
epidermis and other squamous epithelia, lack of the formation of epidermal 
appendages (hair follicles, glands, teeth) and in severe abnormalities in the 
development of limbs and external genitalia (Mills et al. 1999; Yang et al. 
1999; Ince et al. 2002). Moreover, heterozygous mutations in the human p63 
gene underlie several ectodermal dysplasia syndromes, also characterized by 
abnormalities in the development of digits, teeth, hairs, nails and sweat glands 
(reviewed in (Rinne et al. 2007; Koster 2010).  
p63 has multiple isoforms, including TAp63 and ΔNp63, which show distinct, 
although partially overlapping roles in the control of epidermal differentiation 
and stratification (Koster and Roop 2007; Vanbokhoven et al. 2011). ΔNp63 
isoform is more abundant in the epidermis compared to TAp63, is strongly 
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expressed in basal epidermal keratinocytes and is markedly downregulated in 
the spinous layer (Romano et al. 2012). ΔNp63 plays a major role in 
mediating the effects of p63 on epidermal development, whereas TAp63 
protects keratinocytes from senescence and suppress tumorigenesis in 
postnatal epidermis (Guo et al. 2009; Romano et al. 2012). 
Cell proliferation in the epidermis is an essential prerequisite of its self-
renewal capacity and is normally restricted to the basal epidermal 
keratinocytes (Magerl et al. 2001). Keratinocyte proliferation is stringently 
controlled in autocrine, juxtacrine or paracrine manners by the numerous 
stimulatory and inhibitory signals arising from a variety of epidermal cells and 
intra-epidermal nerve endings, as well as by the signals coming from the 
underlying dermal cells or from the blood (hormones, etc.) (reviewed in 
(Shirakata 2010).  
Keratinocyte produce and secrete a large number of ligands that belong to the 
epidermal growth factor (EGF), nerve growth factor (NGF), granulocyte-
macrophage colony stimulating factor (GM-CSF) and endothelin families 
interacting with the corresponding cell membrane receptors and stimulating 
cell proliferation in autocrine manner (Pastore et al. 2008). Growth factor 
receptors at the surface of basal epidermal cells interact with adhesion 
molecules and other receptors: for example, signaling through EGFR can be 
activated from G-protein-coupled receptors that promote shedding of the 
EGFR ligands from cell surface by activation of metalloproteinases, whereas 
integrins connecting basal epidermal cells with underlying basement 
membrane trigger ligand-independent EGFR activation (Pastore et al. 2008; 
Simpson et al. 2011). Keratinocyte proliferation is also stimulated in a 
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paracrine manner by the ligands of the fibroblast growth factor (FGF), 
hepatocyte growth factor (HGF) and insulin growth factor (IGF) families 
predominantly secreted in the skin by the mesenchymal cells (reviewed in 
(Braun et al. 2004; Botchkarev et al. 2006; Shirakata 2010). In addition, 
neuropeptides, such as substance P, CGRP, and VIP released from sensory 
nerve endings in the epidermis or dermis, as well as POMC-derived peptides, 
such as beta-endorphin, released from melanocytes, also stimulate 
keratinocyte proliferation (reviewed in (Paus et al. 1997; Scholzen et al. 
1998).  
Cell proliferation in the basal epidermal cells is also positively regulated by 
several transcription factors, such as c-myc and ΔNp63 (Watt et al. 2008; 
Blanpain and Fuchs 2009). C-myc stimulates keratinocyte proliferation by 
controlling the expression of cell cycle regulators Cdk4 and CdkN2B, while 
ΔNp63 maintains the progenitor status in basal epidermal keratinocytes by 
stimulating expression of the FGF receptors Fgfr2/3, as well as by directly 
repressing the expression of anti-proliferative target genes, including 14-3-3s, 
p16/Ink4a, p19/Arf and p21 (Westfall et al. 2003; Watt et al. 2008; Su et al. 
2009; Ferone et al. 2012). These cell cycle inhibitors are also targeted by a 
number of the epigenetic regulators (DNA methyltransferase DNMT1, histone 
deacetylases HDAC1/2, Polycomb components Cbx4, Bmi1, Ezh1/2), which 
stimulate proliferation of basal epidermal progenitors via repression of these 
genes (reviewed in (Botchkarev et al. 2012).  
However, stimulatory effects on cell proliferation in the epidermis are counter-
balanced by the numerous inhibitory mechanisms under involvement of a 
variety of signaling molecules, transcriptional and epigenetic regulators. 
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Signaling molecules that inhibit keratinocytes proliferation include 
transforming growth factor-beta/bone morphogenetic protein (TGF-β/BMP) 
and Notch ligands, vitamin D3 and interferon-gamma, which interact with the 
corresponding receptors on keratinocytes (Shirakata 2010). TGF-β/BMP and 
Notch pathways exert their inhibitory activities via stimulating the expression 
of cyclin-dependent kinase inhibitor p21, which operates as one of the central 
determinants mediating keratinocyte exit from the cell cycle and inhibiting the 
expression of cell cycle-associated genes (Dotto 2000; Watt et al. 2008; Dotto 
2009; Ferrandiz et al. 2012). 
Transcription factors inhibit proliferation in basal epidermal layer via a number 
of different mechanisms including negative regulation of the distinct 
stimulators of cell proliferation: for instance, AP-2α transcription factor inhibits 
keratinocyte proliferation via repression of the EGFR (Wang et al. 2006), 
whereas ΔNp63α, besides its repressive effects on the expression of cell 
cycle inhibitors (see above), stimulates expression of IKKα, an important 
component of the NF-κB signaling, which is required for cell cycle withdrawal 
(Marinari et al. 2009). Furthermore, ΔNp63α positively regulates expression of 
IRF6 transcription factor, which, in turn, induces proteasome-mediated 
ΔNp63α degradation and keratinocyte exit from the cell cycle (Moretti et al. 
2010). Expression of p63 in basal epidermal keratinocytes is also inhibited by 
miR-203 expressed in suprabasal epidermal cells, which provides a negative 
regulatory loop allowed keratinocytes to exit cell cycle and limit their 
proliferative capacity (Yi et al. 2008). 
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Terminal keratinocyte differentiation in the epidermis begins from the 
asymmetric cell division of basal epidermal cells that lose their adhesion to 
the basement membrane and move into suprabasal layer (Blanpain and 
Fuchs 2009; Simpson et al. 2011). Asymmetric cell division in the epidermis is 
controlled by the LGN, NuMA and dynactin (Dctn1) proteins, which are 
concentrated in the apical part of keratinocytes during mitosis (Lechler and 
Fuchs 2005; Williams et al. 2011). Notch signaling operates downstream of 
these proteins (Williams et al. 2011), and, as it was shown in the intestinal 
stem cells, serves as a target for protein kinase aPKC, a component of the 
Par complex interacting with the mitotic spindle machinery to align the spindle 
orientation along the apico-basal axis (Goulas et al. 2012). aPKC activity 
enhances Delta/Notch signaling in one of the two daughter cells and induces 
terminal differentiation (Goulas et al. 2012). 
 Signaling through Notch receptors in suprabasal epidermal cells is induced 
by the ligands expressed in basal cells and serves as one of the triggers that 
switch-on an early differentiation program and stimulates expression of keratin 
1 (K1), a marker of the spinous layer keratinocytes (Blanpain et al. 2006; 
Wang et al. 2008). Notch signaling operates in parallel to AP-2α/γ 
transcription factors, which, via stimulating the expression of C/EBPα/β 
transcription factors, also mediate the switch in expression between the basal 
(K5/K14) and suprabasal (K1/K10) keratins (Byrne et al. 1994; Wang et al. 
2008). This process is also promoted by Foxn1 transcription factor (Baxter 
and Brissette 2002), as well as by p63, which, however, contributes to this 
process indirectly, via TAp63alpha-mediated induction of AP-2γ expression 
(Koster et al. 2006). 
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Keratinocyte transition from the spinous to granular layer is associated with an 
onset of expression of late differentiation genes that contribute to the 
formation of the cornified cell envelope (EDC genes, transglutaminase 
genes), as well as regulate lipid synthesis and promote formation of the lipid-
containing lamellar bodies (Kalinin et al. 2002). Expression of the EDC genes 
encoding the filaggrin, involucrin, loricirin, trichohyalin, small proline-rich and 
late cornified cell envelope proteins is controlled by numerous transcription 
factors (AP1, AP2, Arnt, Foxn1, Gata3, Granyhead-like 3, Klf4, Nrf2, m-Ovo, 
PPAR-α, Sp1, Sp3, TALE homeobox factors, etc.) in a distinct and partially 
overlapping manner (reviewed in (Brown et al. 2007; Kypriotou et al. 2012). 
Many of these factors operate as both stimulators and repressors of 
transcription (depending on the target gene and set of epigenetic regulators 
forming the corresponding transcription complexes) and their coordinated 
involvement helps in fine-tuning the balance of expression of different 
terminal-differentiation-associated genes during epidermal barrier formation. 
Some of these transcription factors, such as Klf4, also operate in concert with 
corticosteroids and regulate expression of common target genes in 
keratinocytes (Patel et al. 2006). 
p63 transcription factor contributes to the control of terminal keratinocyte 
differentiation indirectly, via modulating the expression ZNF750 transcription 
factor, which, in turn, positively regulates expression of Klf4 and some of its 
target genes (Sen et al. 2012). In addition, p63 regulates expression of 
higher-order chromatin remodeler Satb1 and promotes the establishment of 
specific three-dimensional chromatin structure at the central EDC domain, 
which is required for coordinated regulation of gene expression (Fessing et al. 
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2011). Expression of terminal differentiation-associated genes involved in the 
epidermal barrier formation is also positively regulated by the ATP-dependent 
chromatin remodelers Brg1 and Mi-2β, as well as the histone demethylase 
JMJD3 (Indra et al. 2005; Kashiwagi et al. 2007; Sen et al. 2008).  
However, inhibition of transcription in the EDC is associated with presence 
such epigenetic regulators, as DNA methyltransferase 1, HDAC1/2 and 
components of the Polycomb complexes Cbx4, Ezh1/2 and Bmi1, which 
promote formation of the repressive chromatin structure and inhibit premature 
activation of terminal differentiation-associated genes (Ezhkova et al. 2009; 
Sen et al. 2010; Ezhkova et al. 2011; Luis et al. 2011; Mejetta et al. 2011). In 
addition, epigenetic regulators might control expression of transcription factors 
in keratinocytes via formation of the active or repressive local chromatin 
structure at their promoter regions: for instance, p63 expression in 
keratinocytes is inhibited by histone methyltransferase Setd8 and HDAC2, 
which interfere with ΔNp63-regulated gene expression program in 
keratinocytes (LeBoeuf et al. 2010; Driskell et al. 2012).   
2.1.3 Mechanisms controlling the development of epidermal 
appendages (hair follicles and sweat glands) 
Fate of the ectodermal cells in early embryo is linked to their topology and 
strongly depends on the interactions with underlying mesoderm or 
mesenchyme (Chuong 1998; Mikkola and Millar 2006; Dhouailly 2009). 
During skin appendage morphogenesis, the majority of the progenitor cells in 
outer ectoderm differentiate into hard keratinized cells that serve as essential 
components of the epidermis, hairs and nails, whereas some of them are 
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capable of differentiating into epithelial cells of the ectodermal glands 
(mammary, sweat, sebaceous, etc.) and exhibit secretory phenotype (Widelitz 
et al. 2006; Dhouailly 2009). Gene expression programs activated in these 
two principal types of skin appendages are markedly different (Rendl et al. 
2005; Lu et al. 2012), and it is proposed that ectodermal progenitors are 
generally programmed to form hard keratinized differentiation products (hair 
shaft, nail), while their transition toward the glandular/secretory phenotype 
might require an inhibition of this basic program (Dhouailly 2009). 
 
Figure 4 Morphology of fully developed sweat glands and hair follicles. 
Development of the epidermal appendages occurs through several 
morphologically defined stages, including:  
i) Pre-placode stage characterized by specific molecular signatures of the 
group of epidermal progenitors that are committed to form the distinct type of 
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epidermal appendages;  
ii) Placode stage characterized by focal thickening of the epidermis and 
changes in the spatial organization of the mesenchymal cells underlying the 
placode;  
iii) Bud stage characterized by the downgrowth of the epithelial cells into the 
mesenchyme, which undergoes further remodeling in the areas closely 
attached to the invading bud;  
iv) Differentiating stage, which includes several sub-stages characterized by 
the development of morphologically distinct appendage-specific features, 
such as branching into the fat pad mesenchyme in developing mammary 
glands, formation of the hair bulb surrounding the dermal papilla in the hair 
follicle, or coiling of the epithelial portion of the developing sweat gland, etc.;  
v) Fully differentiated stage, which is characterized by complete differentiation 
of the distinct cell lineages in skin appendages, as well as by the formation 
and appearance at the skin surface of the appendage-specific cell 
differentiation products, such as hair shaft, sebum, milk or sweat (Paus et al. 
1999; Veltmaat et al. 2003; Mikkola and Millar 2006; Duverger and Morasso 
2008; Kunisada et al. 2009; Cowin and Wysolmerski 2010).          
In mice, formation of the distinct types of epidermal appendages are spatially 
and temporary regulated and initiated at different time-points of 
embryogenesis: mammary gland morphogenesis begins at E10.5, vibrissa 
follicles are initiated at E12.5, pelage hair follicles are induced between E14.5 
and E18.5, while sweat gland morphogenesis begins at E16.5 (Van Exan and 
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Hardy 1980; Paus et al. 1999; Veltmaat et al. 2003; Kunisada et al. 2009). 
Heterotypic epidermal-dermal recombination studies performed several dozen 
years ago revealed an essential role for mesenchyme in specification of the 
distinct types of skin appendages (Sengel 1990; Dhouailly 2009).  
However, it appears that ability of the mesenchyme to induce glandular type 
of differentiation in epidermal progenitors is much more restricted both 
spatially and temporarily, compared to the capacity of induction of the hair 
follicle cell fate (Viallet and Dhouailly 1994). These data correspond well with 
differences in topological localization of these two types of skin appendages: 
indeed, distinct types of the glands develop only in the restricted areas of the 
skin (mammary glands - in the ventro-lateral part of the trunk, sweat glands – 
in the foot pads, Meibomian glands – in the eyelid area), where hair follicle 
cell fate is presumably inhibited (Dhouailly 2009). In contrast to the glands, 
hair follicles are present almost all over the body except footpads, where, 
however, hair follicle formation can be re-activated after injection of the 
follicular papilla cells or via overexpression of the BMP antagonist Noggin 
(Jahoda et al. 1984; Plikus et al. 2004).  
Despite many differences in the molecular control of the development of 
distinct types of skin appendages, the molecular regulation of the initial stage 
of their development includes the important common mechanisms employing 
the Turing’s reaction-diffusion model of interactions between the activators 
and inhibitors that specify sites of the appendage formation (Maini et al. 2006; 
Sick et al. 2006; Kondo and Miura 2010). Similarly to the neural tube 
induction, initiation stages of the mammary gland and hair follicle 
development occurs under interactions between the Wnt and BMP ligands 
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and their secreted antagonists, that establish gradients of the activity of the 
corresponding signaling pathways in both embryonic ectoderm and 
mesenchyme (Botchkarev et al. 1999; Jiang et al. 1999; Andl et al. 2002; Sick 
et al. 2006).  
 
Figure 5 Schematic drawings and microphotographs showing the initial 
steps of sweat gland and hair follicle development. Histo-enzymatic 
alkaline phosphatase staining of the embryonic mouse skin at E17.5. Arrows 
indicate the placodes of developing sweat gland and hair follicles 
(Unpublished data, Andrey Sharov). 
 
Wnt signaling pathway operates as activator of the placode formation, while, 
in turn, BMP signaling inhibits this process and, together with Wnt inhibitors 
Dkk1/2/4 promotes the inter-placode cell fate in the epidermal progenitors 
(Botchkarev et al. 1999; Jiang et al. 1999; Andl et al. 2002; Sick et al. 2006). 
Inhibition of the BMP signaling by BMP antagonists including Noggin is 
considered as a common mechanism that promote formation of the hair 
follicle placodes, and Noggin overexpression induces ectopic hair follicle 
formation in the foot-pads or in eyelids in expense of the sweat or Meibomian 
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glands, respectively (Botchkarev et al. 1999; Botchkarev et al. 2002; Plikus et 
al. 2004; Huang et al. 2009).           
Fibroblast Growth Factor (FGF) and Ectodysplasin receptor (Edar) signaling 
pathways operate as essential stimulators of the formation of both types 
(glandular and follicular) of the epidermal placodes (reviewed in (Mikkola and 
Millar 2006; Mikkola 2007)). Both FGF and Edar pathways promote the 
placode cell fate, at least in part, via inhibiting the activity of BMP signaling: 
FGFs via MAPK pathway might inhibit the activity of the BMP-Smad pathway 
(Eivers et al. 2008; Plouhinec et al. 2011), while Edar via NF-kB pathway 
stimulates expression of the BMP antagonists, such as Ctgf and Follistatin 
(Mou et al. 2006). During hair follicle placode formation, Edar serves a 
downstream of Wnt signaling, which is initially activated in pre-placodes 
independently of Edar/NF-kappaB activity, while later Edar signaling is 
required to refine the pattern of Wnt/beta-catenin activity via stimulation of 
expression of the Wnt10b in the placode progenitor cells (Zhang et al. 2009). 
In addition, Edar signaling promotes hair follicle placode formation via 
stimulation of expression of Sonic Hedgehog (Pummila et al. 2007), which 
operates as a potent stimulator of keratinocyte proliferation in the developing 
hair follicles (St_Jacques et al. 1998; Chiang et al. 1999).  
Below, we review how the most important signaling pathways interact with 
transcription factors in regulating the major steps of the development of 
epidermal appendages (hair follicles and sweat glands).    
2.1.3.1 Hair follicle development  
Hair follicle morphogenesis is governed by the series of inductive events or 
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“messages”, which epidermal progenitor cells committed to hair follicle-
specific differentiation and mesenchymal cells forming the follicular papilla 
send to each other to construct a hair shaft-producing mini-organ (Hardy 
1992; Millar 2002; Schmidt-Ullrich and Paus 2005; Blanpain and Fuchs 2009; 
Lee and Tumbar 2012). Hair follicle morphogenesis results in a formation of 
the hair bulb, in which epithelial progenitor cells proliferate and differentiate 
into six distinct cell lineages: the cuticle, Huxley and Henle layers of the inner 
root sheath, as well as the medulla, cortex and cuticle of the hair shaft (Hardy 
1992; Millar 2002; Schmidt-Ullrich and Paus 2005). The inner root sheath 
separates hair shaft from the outer root sheath forming the external concentric 
layer of epithelial cells in the hair follicle and containing a pool of progenitor 
cells trafficking from the upper part of the follicle towards the hair bulb 
(Oshima et al. 2001; Panteleyev et al. 2001; Jaks et al. 2008). In addition to 
the hair bulb, epidermal progenitor cells generate sebaceous gland, whose 
cells secrete sebum via the duct penetrating the upper part of the follicular 
epithelium (Niemann and Horsley 2012).  
In mice, hair follicle morphogenesis results in a formation of different hair 
follicle types characterized by differences in their morphology and time-course 
of induction during embryogenesis:  
i) Vibrissa hair follicles located in the snout fulfill specialized sensory functions 
and are induced at E12.5 (Van Exan and Hardy 1980);  
ii) Primary or guard (tylotrich) hair follicles, which make up approximately 5-
10% of all hair follicles in the trunk skin begin to be induced at E14.5. Guard 
follicles primarily fulfill sensory functions operating as G- (or guard) hair-
associated mechanoreceptors, generate long straight hairs containing two 
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columns of medulla cells and are characterized by a large hair bulb and bi-
lobulated sebaceous gland (Vielkind and Hardy 1996; Sharov et al. 2006). In 
addition, primary hair follicles show onion-shaped follicular papilla containing 
almost as twice as more of the mesenchymal cells compared to secondary 
follicles (Sharov et al. 2006).    
iii) Secondary or non-tylotrich (awl, auchene and zigzag) hair follicles that 
comprise about 90% of follicles in the trunk and produce thinner and shorter 
hair shafts are induced from between E16.5 and P0.5. These follicles 
generate hairs, having predominantly thermoregulatory and protective 
functions, as well as participating in the collection of sensory information via 
D- (or down) hair-associated mechanoreceptors(Vielkind and Hardy 1996; 
Lumpkin et al. 2010). Awl hair follicles generate thick straight hairs having four 
columns of medulla cells, which, however, are shorter, compared to the guard 
hairs. Auchen and zigzag hairs are thinner compared to awl hairs have only 
one-two columns of medulla cells and show one or two bends, respectively 
(Sharov et al. 2006; Schlake 2007). 
Hair follicle morphogenesis morphologically has been divided into eight 
consecutive stages and begins from changes of the cell fates in the 
embryonic epidermis and dermis that specify the groups of epidermal cells 
forming the hair follicle placode and dermal cells selected to become the 
follicular papilla and forming condensation beneath the epithelial placode 
(stages 0-1 of hair follicle development according to (Paus et al. 1999)). 
During this stage, cells selected to form hair placode begin to express P-
cadherin and become oriented vertically loosing their desmosomes, 
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hemidesmosomes and E-cadherin that decreases their adhesion to the 
neighboring epidermal cells (Jamora et al. 2003; Nanba et al. 2003).  
 
Figure 6 Distinct morphologic stages of hair follicle. 
(according to Paus et al., 1999). 
 
Epithelial cells of the hair follicle placodes begin to express a set of 
transcription factors (Lef1, Lhx2, Msx2, Sox9) that specify hair follicle cell fate 
(Genderen van et al. 1994; Satokata et al. 2000; Rhee et al. 2006; Nowak et 
al. 2008). Despite similarities in morphological appearance of the placodes of 
distinct types of the hair follicles, molecular signatures of the placodes of 
distinct hair follicle types appears to be quite different (Jamora et al. 2003; Cui 
et al. 2006).  Such differences are likely underlie heterogeneity in signaling 
mechanisms that control the formation of the distinct types of the placodes: for 
instance, guard and zig-zag follicular placodes show striking dependency on 
the Edar signaling (stimulating the placode fate), while placodes of the awl, 
auched and zigzag follicles are sensitive to the excess of BMP signaling 
inhibiting their formation (Botchkarev et al. 1999; Headon and Overbeek 1999; 
Botchkarev et al. 2002). 
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In turn, dermal cells that form mesenchymal condensate beneath the hair 
placodes and later develop into the follicular papilla begin to express Tbx18 
and Sox2 transcription factors (Kishimoto et al. 1999; Driskell et al. 2009; 
Grisanti et al. 2013). Interestingly, Sox2 is expressed in the mesenchymal 
condensates of all hair follicle types except zigzags, suggesting that 
mechanisms specifying the formation of follicular papilla cells also show 
heterogeneity between distinct hair follicle types (Driskell et al. 2009; Driskell 
et al. 2011).   
After placodes are formed, epithelial cells continue to proliferate, driving the 
placode downgrowth into the dermis, and leading to the formation of the hair 
bud and, subsequently, of the hair peg (corresponds to the stages 2-3 of hair 
follicle development (Paus et al. 1999; Millar 2002; Schneider et al. 2009)). At 
this stage, mesenchymal cells forming a ball-shaped cluster at the bottom of 
developing hair follicle are surrounded by proliferating epithelial cells and 
subsequently become incorporated into the hair bulb (Botchkarev et al. 1999). 
Proliferation of the epithelial cells and elongation of the follicular placode are 
regulated by Sonic hedgehog (Shh), platelet-derived growth factor-A (PDGF-
A) and TGF-β signaling pathways (St_Jacques et al. 1998; Chiang et al. 1999; 
Foitzik et al. 1999; Karlsson et al. 1999). Shh and PDGF-A also promote 
morphogenesis of the follicular papilla, which cells express the corresponding 
receptors (St_Jacques et al. 1998; Chiang et al. 1999; Karlsson et al. 1999), 
while signaling through p75NTR inhibits differentiation of the dermal papilla 
cells (Botchkareva et al. 1999).    
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During stages 4-5 of hair follicle development and includes formation of the 
hair bulb, in which follicular papilla becomes vertically-oriented and form an 
oval or onion-like shape, thus providing a platform for epithelial progenitor 
cells to get spatially separated and differentiate into three concentric layers of 
the inner root sheath (the cuticle, Huxley and Henle layers), as well as into 
centrally located cuticle, cortex and medulla of the hair shaft (Legue and 
Nicolas 2005; Legue et al. 2010). Progenitor cells differentiating into the hair 
shaft lineages, as well as pigment-producing melanocytes become closely 
attached to the upper part of the follicular papilla separated from the hair 
matrix by the basement membrane, while the inner root sheath progenitors 
become located around the lower half of the papilla (Sengel 1976; Legue and 
Nicolas 2005; Legue et al. 2010). Basement membrane anchoring distinct 
population of the hair matrix progenitors is enriched by proteoglycans and 
serves as interface for epithelial-mesenchymal interactions regulating distinct 
cell differentiation programs in hair matrix cells (Parakkal 1969; Couchman et 
al. 1990; Botchkarev and Kishimoto 2003).  
Inner root sheath- and hair shaft-specific cell differentiation programs are 
quite different in terms of the expression of lineage-specific genes and are 
regulated by the distinct, yet partially overlapping sets of the transcription 
factors (Schneider et al. 2009; Lee and Tumbar 2012). The inner root sheath 
cells begin their differentiation from the hair matrix progenitors attached to the 
lower half of the follicular papilla (Legue and Nicolas 2005; Legue et al. 2010), 
and express hair follicle-specific keratins Krt25-28/Krt81-86, epithelial keratins 
Krt1/10, components of the cornified cell envelope (loricrin, involucrin, 
trichohyalin, transglutaminases) (Akiyama et al. 2002; Fuchs and Raghavan 
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2002; Schweizer et al. 2007). Inner root sheath provides a mechanical 
support for differentiating hair shaft and its keratinzation is critical for 
establishing a proper shape of the growing hair shaft (Stenn and Paus 2001). 
Differentiation of the inner root sheath is regulated by the epidermal growth 
factor receptor signaling and its ligand TGF-α, as well as by the enzymes 
involved in the TGF-α ectodomain shedding (TNFα-converting enzyme and 
Lysophosphatidic acid producing enzyme PA-PLA1α), which prevent 
premature keratinization in the inner root sheath cells leading to the formation 
of the curly hairs (Luetteke et al. 1993; Luetteke et al. 1994; Peschon et al. 
1998; Inoue et al. 2011). Also, BMP and Notch signaling pathways, as well as 
Cutl1, Dlx3, Gata-3, and Msx-2 transcription factors are involved in the control 
of inner root sheath differentiation (Satokata et al. 2000; Ellis et al. 2001; 
Kaufman et al. 2003; Kobielak et al. 2003; Ma et al. 2003; Hwang et al. 2008). 
Hair matrix progenitor cells adjacent to the upper half of the follicular papilla 
differentiate into the medulla, cortex and cuticle of the hair shaft (Legue and 
Nicolas 2005; Legue et al. 2010). Centrally located hair shaft progenitors 
retain their horizontal orientation and differentiate into the medulla cells, while 
more laterally located hair progenitors become oriented vertically and 
differentiate into the cortex and cuticle of the hair shaft, respectively (Langbein 
and Schweizer 2005). Interestingly, distinct pools of the hair shaft progenitors 
show differences in the proliferation rate: progenitor cells differentiating into 
the hair cuticle proliferate only once, while medulla progenitor cells divide two 
or three times (Legue and Nicolas 2005). It is quite likely that such differences 
in the proliferation rate contribute to the variability in a number of medulla cells 
seen in different hair types (largest in thick awl-type hairs and smallest in zig-
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zag hairs), as well as to hair shaft bending, a phenomenon characterized by 
progressive reduction and disappearance of the medulla cells at distinct areas 
of the hair shaft (Sharov et al. 2006; Schlake 2007). 
Hair shaft-specific differentiation program is characterized by the onset of 
expression of hair-specific keratins (Krt31-37, Krt81-86) and keratin-
associated proteins in hair progenitor cells (Langbein and Schweizer 2005; 
Rogers et al. 2006). This program is regulated by coordinated involvement of 
the Bmp, Edar, FGF, Hedgehog, IGF, Notch and Wnt signaling pathways, as 
well as by a number of transcription factors including Dlx3, Foxn1, Hoxc13, 
Krox20, and Msx2 (reviewed in (Schneider et al. 2009; Lee and Tumbar 
2012). These transcription factors regulate their target genes involved in the 
control of cell proliferation and differentiation of hair matrix progenitors, and 
some of them, such as Foxn1, Lef1 and Hoxc13 directly regulate transcription 
of the hair keratin or keratin-associated protein genes (Schneider et al. 2009; 
Lee and Tumbar 2012). Coordinated involvement of these transcription 
factors in the execution of cell differentiation programmes in the hair matrix 
cells finally results in a formation of fully developed hair follicles producing 
hairs, which appeared at the skin surface in mice shortly after birth (Paus and 
Cotsarelis 1999; Botchkarev and Kishimoto 2003).      
 
2.1.3.2 Sweat gland development  
In mouse embryo, sweat glands develop only in the foot pads as a part of the 
limb ventralizing program governed by the Engrailed-1 transcription factor 
(Loomis et al. 1996). Engrailed-1 inhibits the development of the dorsal 
phenotype including formation of the hair follicles and nails via restricting 
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Wnt7a activity in the developing limbs (Loomis et al. 1996). In the developing 
footpads, sweat glands are initiated at about E16.5 and first sweat gland 
placodes become visible at E17.5 (Cui et al. 2009; Kunisada et al. 2009). 
Cells of the sweat gland placodes proliferate and placodes show downgrowth 
into the dermis between E18.5 and P0.5, while starting from P1.5 the tip of the 
growing peg begin to coil forming the secretory portion of the gland (Cui et al. 
2009; Kunisada et al. 2009; Lu et al. 2012).  
Between P1.5 and P5.5, progenitor cells of the coiling part of the developing 
sweat gland differentiate into luminal (clear or dark) cells, as well as into myo-
epithelial cells, while cells of the sweat gland duct differentiate into the luminal 
and basal cells (Kunisada et al. 2009; Lu et al. 2012). Process of sweat gland 
morphogenesis and cell lineage specification is seems to be completed by P5, 
however, during later stages of postnatal development secretory portions of 
the sweat glands are enlarged indicating for their maturation (Lu et al. 2012). 
Also, in adult sweat glands cell proliferation become restricted only to the 
population of myo-epithelial cells of the secretory coil and to the basal cells of 
the sweat gland duct (Lu et al. 2012).   
Similarly to the guard hair follicle development, early stages of sweat gland 
development are dependent of the Edar/NF-kB signaling pathway, which 
promotes formation of the sweat gland placodes (Loomis et al. 1996; Cui et al. 
2009). Also, Hedgehog signaling pathway and Foxi2 transcription factor are 
likely to contribute to the early stages of sweat gland development (Shirokova 
et al.; Kunisada et al. 2009). However, in contrast to hair follicles, skin of the 
foot pads show increased expression of the different set of transcription 
factors including Foxa1 and Irx2, which are likely to specify differentiation of 
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the luminal and myo-epithelial progenitor cells (Kunisada et al. 2009). 
Similarly to the hair follicle development, first signs of cell differentiation in the 
developing sweat gland become visible already at early stages of 
development, when progenitor cells that are located in the central part of the 
sweat gland peg begin to express K18 and loose their K5 expression (Lu et al. 
2012). During later stages of development, luminal cells progressively loose 
expression of the epidermal keratins and, in turn, show increased K8/K18/K19 
expression, as well as develop characteristic morphological features of the 
secretory cells including intercellular canaliculi, basal infolding cell 
membranes enriched by Na/K-ATPase activity and numerous mitochondria 
(Saga 2002; Langbein and Schweizer 2005; Lu et al. 2012). In contrast to 
luminal cells, myo-epithelial cells located at the peripheral part of the 
secretory coil closely to the basal membrane remain K5/K14/K17 positive, and 
their cytoplasm become filled with irregularly arranged myofilaments (Saga 
2002; Langbein and Schweizer 2005; Lu et al. 2012).           
In addition to the differences in the keratin gene expression, luminal cells 
show high expression of the genes encoding numerous proteins involved in 
active ion transport and carbohydrate metabolism, which is consistent with 
their secretory phenotype (Lu et al. 2012). In turn, myo-epithelial cells show 
increased expression of the genes involved in the control of cell motility and 
proliferation, which underlie their involvement in mechanical contraction of the 
secretory portion of the gland, as well as in the maintenance of their 
progenitor state (Saga 2002; Lu et al. 2012). 
Thus, on the one hand, development of the epidermal appendages (hair 
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follicles, sweat glands) is characterized by certain similarities in terms of the 
involvement of the selected signaling pathways (Edar, Hedgehog) in the 
control of early stages of appendage formation. On the other hand, there are 
many indications suggesting that molecular signatures of the fully 
differentiated hair matrix keratinocytes and sweat gland epithelial cells are 
markedly different, which underlie lineage-specific differences in their 
morphology, biochemical and functional properties.  
However, despite the advances in characterization of the mechanisms that 
controls development of these two principal epidermal appendages, the 
precise bioinformatics analysis of the differences in gene expression between 
the early and late stages of the hair follicle and sweat gland development, as 
well as correlation between gene expression profiles and linear genomic 
distribution of the genes activated or repressed in the developing appendages 
remain to be performed.          
     
2.2 Integration of the transcription factor-mediated and 
epigenetic regulatory mechanisms that control 
keratinocyte differentiation in the epidermis and hair 
follicles 
The nucleus is a highly compartmentalized organelle, which undergoes major 
re-organization changes during cell differentiation, thus allowing the cell to 
specialize in order to fulfil its function (Hemberger et al. 2009; Ho and 
Crabtree 2010). During the terminal differentiation stages of epidermal 
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keratinocytes, the nucleus endures a programmed transformation from an 
active to an entirely inactive condition in order to become a part of the 
keratinized cells in the cornified layer. This programmed transformation was 
shown to be a stringently orchestrated process, which is regulated by specific 
genetic programs of epidermal cornification and barrier formation (Botchkarev 
et al. 2012; Gdula et al. 2012). Over the past two decades, great advances in 
understanding genetic and epigenetic mechanisms underlying nuclear gene 
expression were achieved, which included: the accessibility of gene regulatory 
regions to DNA-protein interactions; modifications of covalent DNA and 
histones; remodelling of ATP-dependent and higher-order chromatin, as well 
as nuclear compartmentalization of genes and their transcription-machinery 
(Lanctot et al. 2007; Hubner and Spector 2010). 
The eukaryotic genome is organized in chromosomes, which are formed by 
nucleo-protein complexes and termed `chromatin‘. The chromatin consists of 
nucleosomes, in which 147 bp of genomic DNA forms a loop around a histone 
octamer core. An octamer consists of two molecules of each of the core 
histones H2A, H2B, H3 and H4 (Andrews and Luger 2011). The nucleosomes 
are linked with each other by non-histone associated linker DNA, with a given 
length of 10-80 bp. These structures are then folded into 30 nm fibers, 
reminiscent of “beads on a string’’ when seen under an electron microscope 
(Felsenfeld and Groudine 2003) (Figure 8A).    
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Figure 7 Schematic structure of the interphase nucleus 
 (from Botchkarev et al., 2012) 
So far, the following epigenetic regulation mechanisms of gene expression 
were identified: (1) Distinct DNA-methylation and -hydroxymethylation 
patterns [reviewed in (Feng et al. 2010)]; (2) Variability in distribution of the 
core histone variants and covalent modifications at specific genomic regions 
[reviewed in (Campos and Reinberg 2009)]; (3) Changes in the nucleosome 
localisation in relation to specific DNA sequences (a process termed 
`translational nucleosome positioning; (4) an ATP-dependent modulation of 
DNA-histone interactions within the nucleosome or ATP-dependent chromatin 
remodeling [reviewed in (Clapier and Cairns 2009)]; (5) Higher-order 
chromatin folding and genome organization changes within the 3D space of 
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the nucleus (`higher-order chromatin remodelling) [reviewed in (Eskiw et al. 
2010; Cremer and Cremer 2011)]. 
A high level of coordination between the various steps of chromatin 
organization is required to properly execute the cell-type specific 
differentiation programs in multi-potent progenitor cells (Lanctot et al. 2007; 
Joffe et al. 2010; Schoenfelder et al. 2010). The following paragraphs 
describe the most important mechanisms controlling chromatin remodelling, 
particularly focusing on the execution of keratinocyte-specific gene expression 
programs in the developing and postnatal mammalian skin. 
 
 
. 
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Figure 8 Distinct stages of chromatin organization and epigenetic 
control of gene expression. (A) Multi-level of chromatin-organization 
(modified from Lodish et.al. 2000 (B) Chromatin activity states characterized 
by Histone methylation/acetylation (modified from Zhou et.al. 2011)  
  
 
B 
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2.2.1 DNA methylation 
The addition of a methyl group to the cytosine or adenine DNA nucleotides, 
termed DNA methylation, is catalyzed by DNA methyltransferases (DNMTs) 
and typically results in repression of genes (Feng et al. 2010). DNMT1 was 
identified as the most important DNA methyltransferase, preserving the 
methylation status in mammalian genomes after DNA replication through 
methylation of the cytosine nucleotide, which is surrounded by hemi-
methylated CpG sites (Feng et al. 2010). Moreover, DNMT3a and DNMT3b 
were shown to be the key de novo DNA methylases, while DNMT3l, being 
deficient of a catalytic domain, builds a complex with DNMT3A/b, thus 
enabling their chromatin binding (Goll and Bestor 2005). Importantly, the 
patterns of DNA methylation shown to be notably altered at specific 
developmental points in the germ-line as well as pre-implantation embryos, 
but also during the differentiation of mature somatic cells. Accordingly, DNA 
methylation is regarded as a fundamental epigenetic mechanism for the 
establishment of defined programs, which trigger the development, 
proliferation and homeostasis of cells and tissue (Reik 2007; Feng et al. 
2010).  
DNA methylation mostly inhibits gene expression and two distinct 
mechanisms have been identified: interactions with methyl-DNA binding 
proteins which target specifically the repressive chromatin remodeling clusters 
to the methylated genome sites; or inhibition of transcription factor binding to 
DNA sequences (Klose and Bird 2006; Reik 2007; Feng et al. 2010). 
Nevertheless, besides repressive effects on gene expression, DNA 
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methylation is also important to induce the subset of C/EBPα genes through 
the formation of novel binding sites from half-CRE sequences for this 
particular transcription factor thus revealing a role for DNA methylation in 
gene activation, at least in some cases (Rishi et al. 2010). 
Recent studies identified a critical role for DNMT1 in the maintenance of 
epidermal progenitor cells as well as in the renewal of epidermal tissue 
(Khavari et al. 2010; Sen et al. 2010). DNTM1-deficient epidermal progenitor 
cells caused substantial defects in cellular progression and proliferation as 
well as dramatic losses of the tissue self-renewal capacities (Sen et al. 2010). 
It is also important to note, that the DNMT1, DNMT3A/B expression patterns 
in keratinocytes are significantly increased following irradiation with UV light, 
contributing to gene silencing processes during UV light triggered cancer 
development (Nandakumar et al. 2011). Taking together, these data evidently 
highlighted the impacts of maintenance of DNA methylation programs in 
safeguarding the uniqueness of epidermal progenitor cells as well as in 
remodeling of these programs through the stages of terminal differentiation 
and UV response.  
However, in undifferentiated primary murine keratinocytes nearly 20% of the 
promoters of active genes remain methylated (Rishi et al. 2010). The 
methylation of these promoters is essential for successful binding of C/EBP 
and consequently, the induction of gene expression. However, 5-aza-cytidine 
induced inhibition of DNA methylation leads to an activation malfunctioning in 
a subset of these genes during Ca2+-stimulated differentiation in culture (Rishi 
et al. 2010). Furthermore, treatment of normal human keratinocytes with 5-
aza-cytidine differentially influenced the gene expression patterns at the EDC 
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locus: in comparison with controls, SPRR1/2 and involucrin expression levels 
were found noticeably elevated, while at the same time a decreased S100A2 
expression was measured (Elder and Zhao 2002).  Based on these results, it 
is likely that DNA methylation is able to control gene repression but also gene 
activation. It is also inconceivable that the condition of the promoter 
methylation in keratinocytes is essential for the regulation expression in 
specific genes. 
2.2.2 Covalent histone modifications  
Chemical structure of histones, the core units of the chromatin organization, 
can be modified posttranslationally by acetylation, ADP-ribosylation, 
methylation, phosphorylation, ubiquitination, sumolyation of distinct amino 
acid residues (Allis et al. 2007). The correlation between transcription and 
posttranslational histone alterations were revealed by analysis of genome-
wide patterns of expression and core histone modifications (Barski et al. 
2007) (Figure 8B):Interestingly, Lysine methylation at the histone 3 molecule 
are associated either with gene activation or repression depending on the 
position of this modification at the histone tails and extent (mono-, di-, or tri-
methylation) and (Barski et al. 2007). Some major histone modifications that 
marks active transcription consists (Figure 8B): 
(i) Trimethylation of histone H3 at lysine 4 position H3K4me3 
(ii) Mono- and Di-methylation of histone H3 at lysine 4 position 
(H3K4me1 and H3K4me2) 
(iii) Di- and Tri-methylation of histone H3 at lysine 79 position 
(H3K79me2, H3K79me3) 
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(iv) Tri-methylation of histone H3 at lysine 36 position (H3K36me3) 
H3K4me3 is associated with transcription start site, thus serving as useful 
marker of promoter activity, while H3K4me1 and H3K4me3 are associated 
with wider genome areas around transcription start sites and are considered 
as the enhancer activity markers. On the other hand, Di- and Tri –methylation 
of histone 3 at lysine 79 and Tri-methylation of histone 3 at lysine 36 marks 5’ 
and 3’ regions of the expressed genes, respectively (Wang et al. 2009).   
In contrast to histone modifications depicted transcriptionally active chromatin, 
the following histone modifications are associated with gene repression 
(Wang et al. 2009) (Figure 8B)::  
(i) Di- and Tri-methylation of histone H3 at lysine 27 position 
(H3K27me2, H3K27me3) 
(ii) Di- and Tri-methylation of histone H3 at lysine 9 position 
(H3K9me2, H3K9me3) 
(iii) Tri-methylation of histone H3 at lysine 20 position (H3K20me3). 
 
In epidermal cells, silencing of JMJD3 histone demethylase leads to 
repression of genes induces in epidermal differentiation such as (Involucrin, 
Keratin 1 and 10)(Sen et al. 2008). On the other hand, deletion of Setd8, 
which regulates mono-methylation of histone H4 at lysine 20, leads to 
alterations of cell proliferation and differentiation. In addition, this study 
reveals Setd8 as transcriptional target of c-Myc (Driskell et al. 2011).  
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Interestingly, some genes show enrichment of both H3K4me3 and H3K27me3 
marks (Cui et al. 2009) (Figure 8B):. Embryonic stem cells show enrichment 
in these so- called “bivalent promoters” (Wang et al. 2009),  This process can 
be explained by the fact that some genes need to be paused in embryonic 
stem cells while they become activated or repressed during lineage-specific 
differentiation (Araki et al. 2009).  
Active genes in stem cells isolated from the hair follicle bulge of adult mice 
display both H3K4me3 and H3K79me2 histone modifications, while 
H3K27me3 isoform was seen on the repressed non-epidermal genes (Lien et 
al. 2011). Hair shaft-specific differentiation of epithelial stem cells is 
associated with appearance of H3K4me3 and H3K79me2 and H3K27me3loss 
in the genes that become active, while the genes that become repressed 
display appearance of H3K27me3 and loss of H3K4me3/H3K79me2 (Lien et 
al. 2011).  
2.2.3 Three-dimensional genome organization and higher-order 
chromatin remodelling 
It is believed that chromosomes occupy specific regions in the nucleus called  
“Chromosomal Territories” and numerous studies report relocation of genomic 
loci within these structures (Cremer et al., 2001). For example, during 
calcium-induced keratinocyte differentiation, the repositioning of Epidermal 
Differentiation Complex outside of the chromosomal territories was observed 
(Williams et al., 2002). Classical work in this area separated chromatin into 
two categories: more compressed, gene-poor, not transcriptional active –
“heterochromatin” and lightly packed, gene–rich and highly/moderately 
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transcribed “euchromatin” (Dimitri et al. 2009). Heterochromatin also includes 
silent repetitive regions of the genome, such as centromers and telomeres, 
while euchromatin might contain tissue-specific genes that are activated or 
repressed in distinct cell types (Dimitri et al. 2009; Maison et al. 2010).   
Currently, two major approaches are used to study higher-order chromatin 
organization and remodelling in the nucleus: 
(i) single nucleus resolution confocal microscopy after fluorescent in 
situ hybridization (FISH) 
(ii) chromosome conformation capture techniques allowing to study 
ligation of adjacent chromatin fragments in average cell populations 
 Numerous of studies report that gene expression program might be regulated 
by inter- and intra-chromosomal long-range partial interactions, in which distal 
regulatory elements are brought together forming loop-like clusters (Egecioglu 
and Brickner 2011). In addition, recent chromosome conformation capture 
study suggests that genome might be partitioned into large 1 MB domains, 
which separate chromosomes into distinct transcriptional units (Reng et al., 
2012).  
High-order chromatin remodelling process is supported by proteins that serve 
as genome organizers. This includes AT-rich binding protein Satb1 that 
provide nuclear platform for chromatin remodelling enzymes and transcription 
factors at specific genomic loci and promotes region-specific epigenomic 
modification status (Kohwi-Shigematsu et al., 2012). 
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 Another protein with potential genome–organizing role is CTCF, whose 
frequent binding sites allow for bringing distal regulatory elements in close 
proximity to gene promoters (Zlatanova and Caiafa 2009; Ohlsson et al. 
2010). Also, CTCF is known to bind insulatory elements of the genome 
(Zlatanova and Caiafa 2009; Ohlsson et al. 2010) .  
2.2.4 Links between the epigenetic and transcription factor-
mediated regulatory mechanisms in the control of 
keratinocyte differentiation  
Several lines of evidence suggest that transcription factor-mediated and 
epigenetic regulatory mechanisms are strongly interconnected, and 
transcription factors and chromatin remodelers operate in concert to regulate 
gene expression. First, our studies demonstrate that expression of a large 
number of genes involved in the control of nuclear/chromatin assembly and 
remodeling is significantly changed in the epidermis of p63-null mice 
compared to wild-type controls (Fessing et al. 2011). These genes include 
genome organizer Satb1, and p63 directly controls its expression in 
keratinocytes, as well as promotes establishing of specific higher-order 
chromatin structure in central domain of the EDC required for maintenance of 
the proper balance of gene expression during terminal keratinocyte 
differentiation (Fessing et al. 2011). However, p63 expression in keratinocytes 
is regulated by histone methyltransferase Setd8 (Driskell et al. 2011). 
Second, transcription factors might interact with chromatin remodeling factors 
and target them to gene promoters: for example, c-Myc promotes global 
euchromatisation via targeting histone acetyltransferase Gcn5 to chromatin 
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(Knoepfler et al. 2006). Also, ATP-dependent chromatin remodeler Brg1 and 
NFATc1 transcription factor form complex, which stimulates formation of 
DNAse1 hypersensitive sites and recruitment of other transcription factors to 
target genes (Wurster and Pazin 2008; Pham et al. 2010).  
Third, transcription factors might also interact with HDACs and target 
repressive complexes to gene promoters, thus operating as the repressors of 
transcription. Using this mechanism, p53 inhibits expression of its target 
genes during DNA damage response via interaction and targeting 
Sin3B/HDAC complex to the promoters, while transcriptional repressor NFX1 
interacts with mSin3A/HDAC and recruits the repression complex to the 
hTERT promoter in keratinocytes (Xu et al. 2008; Bansal et al. 2011). 
Thus, transcription factors might directly interact with chromatin remodelers to 
target them to the specific genomic sites and regulate gene expression, while 
chromatin-remodeling factors might regulate expression of the distinct 
transcription factors via formation of the active or repressive local chromatin 
structure at their promoter regions. However, it is unclear whether or not there 
are any correlations between transcription factor-mediated changes in gene 
expression profiles and linear genomic distribution of the target genes 
activated or repressed in keratinocytes of the epidermis or hair follicle in the 
developing and postnatal skin.    
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2.3 Methods and approaches used for analyses of the global 
microarray, ChIP-on-chip and 4C-seq data in mouse 
cutaneous biology research 
The development of the microarrays and next generation sequencing-based 
techniques allowed for the first time to study on the genomic scale cross-talk 
between transcription factor-mediated, epigenetic and higher–order chromatin 
remodeling regulatory mechanisms (Sanyal et al. 2012). During last decade, 
data generated by numerous small or large-scale genomic projects have been 
deposited into publically available respiratory databases such as Gene 
Expression Omnibus (Edgar et al. 2002) or Array Express (Brazma et al. 
2003).   
Below the major “genomic-wide” methods that suit study of multi- level 
transcriptional organization, as well as attractive genomic datasets generated 
in cutaneous biology research were reviewed.  
Microarrays consists of the series of different nucleic acid probes that are 
chemically aligned to microchip, glass slide or microsphere-sized bead, which 
allows simultaneous detection of changes in expression of thousands of 
transcriptionally active elements of the genome (Stekel et al. 2003).   
In the microarray analysis, experimental fluorescent-labeled RNA is 
hybridized to different nucleic acid probes, and laser confocal scanners are 
used to extract the fluorescence information from bound DNA. The image files 
produced by the scanners are processed through the image analyzing 
software to extract quantitative information about the probes.  
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Differential expression analysis of microarrays can be performed by numerous 
R/Bioconductor packages like “limma” (Smyth 2004) (Agilent Microarrays), 
“affy” (Affymetrix microarrays) (Gautier et al. 2004), tillingArrray (Nimblegene) 
(Huber et al. 2006) and bedarray (Illumina arrays)(Dunning et al. 2007) and 
include the quality control, normalization and differential analysis procedure.  
Microarrays are very suitable to study transcriptional profiling of cells and 
tissues.  Recently, large number of raw expression data profiles became 
available in the mouse cutaneous research, including transcriptional profiles 
of the quiescent, activated and transiently-amplified hair follicle cells, as well 
as of myo-epithelial and luminal sweat gland cells (Lu et al. 2012). 
In addition, the data generated by microarray analyses allow investigation of 
transcription factor-mediated and epigenetic regulatory mechanism by 
analysing expression profiles of genetically modified cells, in which induction 
or silencing of the distinct transcriptional factors or chromatin remodelling 
factors were conducted (Nascimento et al.; Ezhkova et al. 2011). 
Typical computational pipeline in analysing microarray expression data 
include clustering of the genes based on the similarity of their expression 
profiles and functional annotation of the differentially expressed genes using 
different gene ontology databases (Ashburner et al. 2000). 
Chromatin immunoprecipitation (ChIP) and its modifications (ChIP-on-
chip, ChIP-seq) were first introduced to investigate transcription regulation by 
Gal4 and Ste12 in budding yeasts (Wang et al. 2008). This method combines 
chromatin immunoprecipitation with microarray technology. In this technique, 
the protein-DNA interactions are cross-linked through the formaldehyde 
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fixation. This fixed product is extracted from the cell and sonicated into small 
fragments around 200-300 KB. The sample is enriched with the specific 
antibody against protein of the interest. Next, DNA-Protein complex is de-
cross-linked and DNA is amplified, fluorescently labelled and hybridized to 
different microarray platforms. The raw ChIP-on-chip data can be analysed by 
functions implemented in R/Bioconductor package Ringo (Toedling et al. 
2007). 
ChIP-seq is high-throughput chromatin immunoprecipitation technology 
alternative to ChIP-on-chip, in which microarray step is replaced by next 
generation sequencing step (Barski et al. 2007). Chip-seq provides numerous 
advantages over the ChIP-on-chip technology including single base-pair 
resolution. In addition, ChIP-seq technology is free from the artefacts 
occurring during the hybridization process. 
The analysis of raw Chip-seq sequencing data includes quality control, 
genome alignment and peak calling. The quality controls allow removing 
reads that nucleotide bases cannot be determined with sufficient probability 
by tools like FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). The 
remaining reads can be aligned to the genome using various of Unix base 
software named Bowtie (Langmead et al. 2009) or MAQ (Li et al. 2008) . The 
peaks finding algorithms are called on the genomic read alignment and the 
most popular solutions include Python based MACS (Zhang et al. 2008), 
SICER (Zang et al. 2009). 
Both ChIP-on-Chip and Chip-Seq can be applied to study transcription factor-
mediated regulation by using antibody against specific transcription factor 
Literature review 50 
(Mardaryev et al. 2011) or epigenetic mechanism by using antibodies against 
histone modifications (Bernstein et al. 2005) or chromatin remodelling  
proteins (Fessing et al. 2011).      
The largest publicly available Chip-on-chip study in mouse epidermis was 
published recently (Nascimento et al. 2011). These data include profiles for 
transcription regulators including: AP2γ, C/EBPα, and β, Ovol-1 and 2, Klf4, 
Sin3A, and Mxi1, H3K4-specific de-methylase Rbp2 and histone modifications 
H3K4me3 and H3K4me27. Interestingly, comparative analysis of transcription 
factors and histone modifications in c-Myc and Sin3 induced and wild-type 
epidermal cells exposed negative regulatory loop between the c-Myc and 
Sin3a. The analysis also showed that C-myc regulates transcription factors 
sharing genomic targets suggesting existence of co-ordinate regulatory 
networks of transcription factors. 
ChIP-seq study of the histone modification profiles for H3K4me3, H3K27 me3 
and H3K79 in the quiescent, activated and transiently-amplified cells were 
published by E. Fuchs’s lab (Lien et al. 2011). The analysis of data was 
performed by correlation of covalent histone modification profiles in hair 
follicle cells with mRNA expression data and publicly available histone 
modification datasets examined in embryonic stem cells (31). This analysis 
reveals the role of the H3K27me3 isoform targeted by Polycomb genes in hair 
follicle lineage specification (described in details in chapter 2.2.2)  
 The Circularized Chromatin conformation capture (4C) is relatively new 
experimental procedure, which allows investigating physical interactions 
between selected genomic regions (baits) and distal DNA elements (de Laat 
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and Grosveld 2007). After isolation, chromatin is treated with 
paraformaldehyde to cross-link the bait region and spatially co-localized DNA 
fragments and digested with a 6-bp recognising restriction enzyme (i.e., BglII). 
Digested chromatin is diluted and re-ligated under conditions favouring an 
intramolecular ligation, followed by reverse cross-linking. Ligated products of 
interacting regions are further digested with a frequent cutter (i.e. Csp6I). After 
second restrictase digestion, the chromatin it diluted and religated to form 
circular DNA molecules (4C library). Circular DNA is amplified by nested PCR 
and processed through sequencing.  
 The 4C is one of the variations of the high-through chromatin conformation 
capture (3C) techniques (Dekker 2006). The other procedures include 5C and 
Hi-C methods that capture all-to-all physical interactions within genomic locus 
or whole genome, respectively (Dostie and Dekker 2007; Lieberman-Aiden et 
al. 2009). 
In the 4C experiments, “true interactions” are identified by coordinate activity 
of the adjacent restrictions sites (Simonis et al. 2006). Thus 4C data are 
usually analyzed by the methods applying running mean or median 
approaches (Simonis et al., 2006; Gheldof et al., 2012). Although number of 
publications with using the 4C technology is progressively increased, up to 
date no circularized chromatin conformation capture (4C) data were reported 
in epidermal tissues. 
 
 
 Material and Methods 52 
3 	  Material	  and	  Methods	  
  
3.1 Generation of the experimental data 
Experimental data used for integrative analysis were generated by former and 
current members of Professor Botchkarev’s lab (Dr. A. Sharov, Dr. A. 
Mardaryev, Dr. T. Sharova, Dr. M. Gdula, Dr. M. Ahmed). Here, brief 
description of the methods and approaches used for generation of 
experimental data is provided, while detailed description of these methods is 
provided in the corresponding manuscripts (Fessing et al. 2010; Fessing et al. 
2011; Mardaryev et al. 2011; Gdula et al. 2012).  
3.1.1 Animal studies and laser capture microdissection collection 
of samples for microarray analyses 
 All animal studies were performed on C57BL/6 mice in Professor 
Botchkarev’s lab under approval of the Home Office project license 40/2989. 
RNA samples were collected from the skin of mice of distinct ages (embryonic 
day 17.5 or E17.5; post-natal days 0.5-6.5 or P0.5-P6.5; 8-week old mice).  
The distinct areas from the developing and post-natal skin of C57BL/6 mice 
(epidermis, hair follicle and sweat gland placodes, hair matrix of fully 
developed hair follicles and epithelium of fully developed sweat gland coil) 
were dissected by Laser Capture Microdissection system (Arcturus, Mountain 
View, CA), as described before (Sharov et al. 2006). Briefly, 8 µm thick frozen 
sections have been extensively dehydrated to preserve RNA integrity; laser 
capture was performed from 50-70 HFs of WT and TG mice, respectively. 
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Total RNAs were isolated using PicoPure® RNA Isolation Kit (Arcturus, 
Mountain View, CA), followed by two rounds of linear RNA amplification using 
RiboAmp® RNA Amplification Kit (Arcturus, Mountain View, CA). Universal 
Mouse Reference RNA (Stratagene, La Jolla, CA) was used after one round 
of linear amplification in all analyses as control.  
3.1.2 Chromatin Immunoprecipitation (ChIP)-on-chip analyses 
Mouse epidermal keratinocytes were isolated from 2-3 day-old mice 
respectively, as described previously (Sharov et al. 2006). Single cell 
suspensions were prepared after overnight digestion in 0.25% trypsin 
(Invitrogen) and epidermal separation. Cells were dual cross-linked with 2mM 
disuccinimidyl glutarate (DSG) for 45 min and then in 1% paraformaldehyde 
for 15min at room temperature as described previously (Nowak et al. 2005). 
After lysis, chromatin was sonicated at 30% of amplitude for 10 min on a 
Branson Sonifier 450 (Branson Ultrasonics, Danbury, CT, USA) using a cup 
horn. Cross-linked DNA after sonication was precipitated with 5 ug of anti-
Lhx2 or anti-Satb1 antibodies (Santa Cruz) or non-immune goat IgG 
(Vectashield) overnight at +4oC. Chromatin/antibody complex was pulled 
down with Dynal Protein G magnetic beads (Invitrogen) and washed in the 
low- and high-salt buffers. After de-crosslinking (65oC for 4 hours) and 
Proteinase K treatment, chromatin was purified by phenol-chloroform 
extraction and ethanol precipitation. Precipitated DNA after one round of 
amplification (WGA2, Sigma) was processed with NimbleGen MM8 Deluxe 
Promoter HX1 array (Mogene Co., St. Louis, MO, USA). 
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3.1.3 Circularized chromosome conformation capture (4C) 
analyses of three-dimensional genome organization 
Intra-nuclear topological interactions between keratinocyte-specific genomic 
loci (baits) for Loricrin and Keratin 5 genes and other intra- and/or 
interchromosomal regions were studied using 4C approach, according to 
recommendations published previously (Kohwi-Shigematsu et al. 2012). 
Cd34+/α6-integrin+ epithelial stem cells residing in the bulge of telogen hair 
follicles were isolated using MoFlo XDP cell sorter with antibodies against 
corresponding antigens, as described previously (Nowak et al. 2008). After 
isolation, chromatin was cross-linked with parafaromaldehyde and digested 
with a 6-bp recognising restriction enzyme (i.e, BglII). Digested chromatin was 
diluted and religated under conditions favouring an intramolecular ligation, 
followed by reverse cross-linking and Proteinase K digestion. Ligated 
products of interacting regions were further digested with a frequent cutter (i.e. 
Csp6I). After second restrictase digestion, the chromatin were diluted and 
religated to form circular DNA molecules (4C library). Circular DNA was 
amplified by nested PCR: The first pair of primers was specifically designed to 
face "end-to-end" (inverse PCR) within the bait region, while each of the 
second pair of primers annealed to the amplified PCR products within the bait 
region and beared a specific Illumina adapters. Finally, pool of several PCR 
reactions was sequenced using Illumina GAIIx sequencing system.  
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3.2  Bioinformatics methods and approaches used to analyse 
experimental data 
3.2.1 Programming Languages 
Most of the analyses in this thesis were performed using R and relevant 
Bioconductor packages (Gentleman et al. 2004), although part of the 4C 
pipeline were implemented using Python (van Rosumm et .al 1995) 
3.2.2 Publically Available Datasets 
In this thesis, the following public available experimental datasets were used 
to compare with data produced in Botchkarev’s laboratory 
1. Microarrays expression profiles for Luminal, Myoepitehlial Sweat Glands 
and Foot Epidermis available under GEO accession number GSE37274 (Lu 
et al. 2012)  
2. Histone modifications profiles for H3K4me3 and H3K427 in quiescent, 
activated and transiently-amplified hair follicle cells available under GEO 
accession number GSE31239 (Lien et al. 2011)  
3. DNA methylation profiles for H3K4me3 and H3K427 in quiescent, activated 
and trans-amplified hair follicle cells (Bock et al. 2012) 
3.2.3 Gene Enrichment Hypergeometric Test 
For a given genomic feature T, probability of obtaining at least the same 
number of the genes in the set of differentially expressed genes, containing 
feature T by the random chance was given by:   
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𝑝 𝑇 = 1− !! !!!!!!!!!! !!  
where N is the total number of the protein coding genes in the genome,  
M is the total number of the protein coding genes containing feature T, 
K is the number of number of the differentially expressed genes and 
L is the number of differentially expressed genes containing feature T. 
 
3.2.4 Monte Carlo permutation method 
If T is statistics calculated on set C, R is the same statistics calculated on   
random rearrangement of C and n is number of permutations, then probability 
of T given a random sampling of the original distribution is 
 𝑝 𝑔 = 𝛿 !:!!! 𝑅 + 1!!!! 𝑛 + 1  
where 𝛿!(y) is indicator function defined as: 
 𝛿! 𝑦 = 1    𝑖𝑓  𝑦   ∈ 𝐴0    𝑖𝑓  𝑦 ∉ 𝐴  
The Monte Carlo permutation method can be used to deal with the problem of 
multiple comparisons. IF p(T) is p-value given by preforming test on C and    
r(T) is p-value defined on random rearrangement of C, then for given n 
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representing number of permutations performed, adjusted p-value is defined 
as: 𝑎𝑑𝑗.𝑝 𝑇 = 𝛿 !:!!! ! 𝑟 𝑇 + 1!!!! 𝑛 + 1  
  
where 𝛿!(y) is indicator function defined as: 𝛿! 𝑦 = 1    𝑖𝑓  𝑦   ∈ 𝐴0    𝑖𝑓  𝑦 ∉ 𝐴   
3.2.5 Microarray analysis 
The Agilent microarray analysis was implemented using R/Bioconductor 
package “limma”. Following hybridization, Agilent feature extract software was 
used to process raw microarray image files and the median Cy3 and Cy5 
channels values were exported into R workspace. The raw signals values was 
further background corrected and normalized with R/Bioconductor package 
“limma” .The resulting processed signal represent absolute hybridization 
intensity level in treatment and reference sample. For differential expression 
analysis the ratio between processed red and green channels signals were 
calculated and log transformed. As the result the single value were obtained 
for every probe on the array. Comparisons of different arrays were performed 
by subtracting for every probe representative ratios and selecting those which 
absolute value is above the given threshold.  
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Agilent probes were aligned to protein coding transcripts using Ensembl 
database. This procedure was applied to analyse expression profiles 
between: 
1. Hair Follicle Placode vs. WT Epidermis arrays  
2. Sweat Gland Placode vs. Foot Pad Epidermis arrays 
3. Hair Follicle Matrix vs. Hair follicle Placode arrays  
4. Sweat Gland Adult vs. Sweat Gland Placode arrays 
5.  Hair Follicle Stem Cell array   
 
3.2.6 ChIP-on-Chip  
ChIP-on-chip analysis were performed using R/Bioconductor r package Ringo 
(Toedling et al. 2007). The raw Cy3 and Cy5 fluorescence intensities 
representing the signals from samples precipitated with IgG control and 
protein specific antibody respectively were exported into R workspace. 
The ChIP-chip signal raw intensity values were normalized through variance –
stabilizing normalization procedure and fold change of the probe were 
obtained by dividing the normalized Cy5 and Cy3 values and log 
transformation. Next, to remove bias introduced by hybridization problems 
smoothing procedure were applied by sliding moving median window with the 
range of 800 KB along each chromosome. The smoothed intensities were 
used to estimate null distribution and 99 quintile were used to select protein-
enriched regions. Additional enriched regions were requested to include at 
least three adjacent probes.  Selected regions were annotated with the 
transcription-starting site of adjacent transcripts using Ensembl database. 
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This procedure was applied to analyse Chip targets of: 
1. Transcription factor Lhx2  
2.  Chromatin remodelling protein Satb1. 
 
3.2.7 Chip-Seq Analysis 
 Multiplexed raw fastq files were separated into single lane “fastq” file using 
FASTX Toolkit barcode splitter (http://hannonlab.cshl.edu/fastx_toolkit/). Next, 
the quality control was performed and only reads with Phread scores >30 
were approved for the further processing.  The Bowtie tool were used to align 
reads to the mouse genome (mm9) and peaks were called using MACS with 
default settings option (Zhang et al. 2008). The custom R script was used to 
annotate peaks to closest TSS according to the mm9 Ensembl assembly.   
This procedure was applied to analyse Chip targets of the histone 
modifications of H3K4me3 and H3K27me3 in the hair follicle stem cells.  
 
3.2.8 4C Analysis 
Multiplexed raw fastq files were separated into single lane fastq file using 
FASTX Toolkit barcode splitter the alignment of the quality control were 
performed and only reads with Phread scores >30 passed for the further 
processing. Next, the quality controls were performed, and the only reads with 
Phread scores >30 passed for the further processing.  Additionally artefacts of 
the digestion and ligation steps of the 4C experiment (i.e. self-digested and 
un-cut fragments) were removed using. The Bowtie tool was used to align 
reads to the mouse genome (mm9).  In this step, custom Python script was 
implemented to construct genomic location map of the all-valid restriction 
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fragments and subsequential the reads were categorise into the set of the 
restriction fragments. The following criteria were applied. 
1. The restriction fragment were defined as two sequential appearances 
of the first restriction enzyme with 5’ position of the restriction fragment 
representing genomic location of the first of the first restriction enzyme 
and 3’ position of the second of the first restriction enzyme 
2. The restriction fragment needs to include second restriction enzyme 
3. The length of the restriction fragment needs to exceed length of 
sequence read 
Next the rolling median methods were applied to quantify clusters of the 
restriction fragments. The 4C peaks were called by comparisons of the rolling 
median outcomes with the results performed on the randomized set 
accepting. The False discovery rate  (FDR ) is defined as  
 FDR = !"#$%&  !"  !!  !"#$%!"#$%&  !"  !!  !"#$%  !"  !"#$%&'()$  !!" 
This procedure was applied to analyse 4C interactomes in keratinocytes and 
thymocytes for Loricrin and Keratin 5 genes and the false discovery rate was 
controlled at 0.05 (see Chapter 4.3). 
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Figure 9 Analytical Pipeline used for the analyses of the 4C results. 
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3.2.9 Transcription factor binding sites analysis 
To identify overrepresentation of transcription factors in the set of differentially 
expressed genes, promoter regions of the differentially expressed genes were 
analysed for the presence of putative common transcription factor-binding 
motifs extracted from the Genomatix and Jaspar databases  and literature. 
 
 
The following hypergeometric test was applied as described above with: 
N  - total number of the protein coding genes in the genome,  
M  - total number of the protein coding genes including transcription factor T in 
their promoter region, 
K - number of the differentially expressed genes 
L - number of differentially expressed genes that have transcription factor 
binding motif T in promoter region  
The Monte Carlo permutation method was applied to adjust p-value for 
multiple testing. This procedure was applied to analyse transcription factor 
binding sites of Lhx2 (see Chapter 4.2). 
 
3.2.10 Chromosomal enrichment analysis (differentially 
expressed genes) 
To identify chromosomes that show overrepresentation of differentially 
expressed genes, the hypergeometric test was applied as described in 
chapter 3.2.3 with: 
N  - total number of the protein coding genes in the genome,  
M  - total number of the protein coding genes on chromosome C  
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{𝐶:𝐶 ∈ 1: 19,𝑋} 
K - number of the differentially expressed genes 
L - number of differentially expressed genes on chromosome C 
The Monte Carlo permutation method was applied to adjust p-value for 
multiple testing. 
This procedure was applied to analyse chromosomal enrichment of 
differentially expressed genes in: 
1. Hair follicle and sweat gland placodes 
2. Fully developed hair follicle and sweat glands. 
 
3.2.11 Chromosomal overrepresentation of adjacent genes 
Chromosomes showing overrepresentation of the adjacent genes were 
identified by counting number of the adjacent pairs and triples within 
chromosomes, as well as by applying of Monte Carlo Permutation method to 
count statistics. 
This procedure was applied to analyse chromosomal enrichment of 
significantly expressed adjacent pairs and triples of genes in: 
1. Hair follicle and sweat gland placodes 
2. Fully developed hair follicle and sweat glands. 
 
3.2.12 Identification of large genomic domains (1MB) in the 
sets of differentially expressed genes 
To identify the large genomic domains enriched in the sets of differentially 
expressed genes, the 1 MB fixed window with the step of 0.5 MB were slid 
across the linear representation of chromosomes and counting the number of 
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differentially expressed genes x domain was performed. To estimate 
statistical significance, the Monte Carlo permutation procedure was applied. 
 
 
3.2.13 Analysis of the average methylation and expression 
level 
The analyses of the average DNA methylation and expression level of the 
functionally related genes targeted by Lhx2 in chapter were performed by 
permutation test and multiple hypothesis testing were adjusted by Monte 
Carlo permutation method. 
 
3.2.14 In House Functional annotation database 
We have constructed and manually curated functional ontology databank. 
In comparison to traditional ontology databases, our database annotate every 
gene to distinct functional categories named: “Adhesion/Extracellular matrix”, 
“Cell cycle/Apoptosis”, ”Cytoskeleton/ Differentiation”, “Metabolism”, ”Nuclear 
and Chromatin Assembly”, “Proteolysis”, “RNA Processing”, “Signalling”, 
“Transcription”, and “Others” (genes with multiple or unknown function). The 
following procedures were implemented to assign distinct annotation to set of 
the genes. 
1. The annotation records are extracted from Gene Ontology (GO) 
(Ashburner et al. 2000), KEGG Pathway Database (Kanehisa and Goto 
2000) and  manually categorized to our distinct categories: 
“Adhesion/Extracellular matrix”, “Cell cycle/Apoptosis”, ”Cytoskeleton/ 
Differentiation”, “Metabolism”, ”Nuclear and Chromatin Assembly”, 
 Material and Methods 65 
“Proteolysis”, “RNA Processing”, “Signalling”, “Transcription”,. Any 
Gene Ontology or KEGG annotation that can classified to more than 
one category is omitted 
2. The GO annotations of set of the genes G are query against distinct 
categories. Members of G with non-ambiguous assignment of: 
“Adhesion/Extracellular matrix”, “Cell cycle/Apoptosis”, ”Cytoskeleton/ 
Differentiation”, “Metabolism”, ”Nuclear and Chromatin Assembly”, 
“Proteolysis”, “RNA Processing”, “Signalling”, “Transcription” are 
passed to further step of analysis. 
3. Selected annotated genes are further manually evaluated. 
4. The rest of the genes are queried against PubMed to obtain literature 
information relevant to gene function. Genes that don’t have any 
records in GO, KEGG or PubMed are classified as “Others”. 
5. The remaining set of the genes is manually classified to distinct 
categories. 
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4 Results	  
 
4.1 Analyses of global gene expression profiles during 
development of the distinct ectodermal derivatives (hair 
follicles versus sweat glands) 
4.1.1 Transcriptional profiling of the early stages of epidermal 
appendage development – hair follicle and sweat gland 
placodes  
During skin appendage morphogenesis, the majority of the progenitor cells in 
outer ectoderm differentiate into hard keratinized cells that serve as essential 
components of the epidermis, hairs and nails, whereas some of them are 
capable of differentiating into epithelial cells of the ectodermal glands 
(mammary, sweat, sebaceous, etc.) and exhibit secretory phenotype (Widelitz 
et al. 2006; Dhouailly 2009). Gene expression programs activated in these 
two principal types of skin appendages are markedly different (Rendl et al. 
2005; Lu et al. 2012), and it is proposed that ectodermal progenitors are 
generally programmed to form hard keratinized differentiation products (hair 
shaft, nail), while their transition toward the glandular/secretory phenotype 
might require an inhibition of this basic program (Dhouailly 2009). 
Development of the epidermal appendages occurs through several 
morphologically defined stages, including placode stage characterized by 
focal thickening of the epidermis and changes in the spatial organization of 
the mesenchymal cells underlying the placode (See Chapter 2.1.3). The 
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developing appendages progress through several stages and reach fully 
differentiated stage, which is characterized by complete differentiation of the 
distinct cell lineages in skin appendages, as well as by the formation and 
appearance at the skin surface of the appendage-specific cell differentiation 
products, such as hair shaft, sebum, milk or sweat (Paus et al. 1999; Veltmaat 
et al. 2003; Mikkola and Millar 2006; Duverger and Morasso 2008; Kunisada 
et al. 2009; Cowin and Wysolmerski 2010).          
In mice, formation of the hair follicles and sweat glands are spatially and 
temporary regulated and initiated at different time-points of embryogenesis: 
pelage hair follicles are induced between E14.5 and E18.5, while sweat gland 
morphogenesis begins at E16.5 (Van Exan and Hardy 1980; Paus et al. 1999; 
Kunisada et al. 2009). These two types of skin appendages are also 
developed in the distinct areas of the skin: sweat glands – in the foot pads 
where hair follicle cell fate is presumably inhibited (Dhouailly 2009), while hair 
follicles are present almost all over the body except foot pads (Paus et al. 
1999). 
To compare global gene expression profiles in the sweat gland placodes and 
hair follicle placodes, laser capture microdissection approach was used and 
RNA samples isolated from both types of placodes, as well as from the inter-
placode epidermis were amplified and processed for microarray using Agilent 
Whole Mouse Genome 60-mer oligo-microarray, as described previously 
(Sharov et al. 2006). To avoid changes in gene expression between mouse 
embryos at different stages of development, only embryos at 17.5 days of 
development (E17.5) were used for isolation of RNA from the hair follicle and 
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sweat gland placodes, and the 1.7 Fold-ratio between normalized intensities 
profiles were used as the cut off (Sharov et al. 2006). 
Global expression profiling of sweat gland placodes revealed that 4219 genes 
changed their expression level by 1.7 fold compared to E17.5 inter-placode 
foot-pad epidermis (Figure 10A). Interestingly, majority of the genes (2543) 
differentially expressed in the sweat gland placodes were down- regulated 
versus the inter-placode epidermis, while 1674 genes were upregulated 
(Figure 10A). 
In contrast to sweat gland placodes, significantly smaller number of genes 
(1224) showed changes in expression in the hair follicle placodes, compared 
to E17.5 inter-placode epidermis of dorsal skin. Among these genes, 610 
genes were downregulated and 614 genes were upregulated versus the inter-
placode epidermis, respectively. 
Interestingly, only 73 common genes showed increase of expression in both 
types of placodes versus the inter-placode epidermis, while only 83 genes 
were found to be downregulated in both hair follicle and sweat gland placodes 
(Figure 10B). Functional annotation of these genes is described in Chapter 
4.1.2.    
To test if genes whose expression was changed in both types of placodes 
show any preferential localizations at distinct chromosomes of the mouse 
genome, hyper-geometric test combined with Monte Carlo permutation 
method was applied to the chromosomal allocation of the down and up- 
regulated genes (cut-off p-value =0.01). In sweat gland placodes, over-
representation of upregulated genes were seen on chromosome 3, while 
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downregulated genes were over-represented on chromosome 11 (Figure 
10C). However, genes that showed upregulation of expression in the hair 
follicle placodes were significantly over-represented on chromosomes 3 and 
13 (the negative log2 plot of the p-values are shown in Figure 10C).  
Interestingly, genes that showed marked changes in expression in the sweat 
gland placode versus inter-placode epidermis and located on chromosomes 3 
and 11 included the Epidermal Differentiation Complex (EDC) locus and 
keratin type I locus, respectively (Figure 10 D-E). Both EDC and keratin type 
1 locus contain genes that are involved in the control of keratinocyte 
differentiation in the epidermis and hair follicle (Martin et al. 2004; Rendl et al. 
2005). These data suggest that genes showing changes in expression in the 
sweat gland and hair follicle placodes are non-randomly distributed over the 
genome, and some of them belong to large genomic loci (EDC, keratin type 1 
locus), in which keratinocyte-specific genes are clustered (Martin et al. 2004; 
Bazzi et al. 2007).  
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Figure 10 Transcriptional profiling of the early stages of epidermal 
appendage development – hair follicle and sweat gland placodes  
(A) Number of the genes that change their expression level in hair follicle and 
sweat gland placodes by 1.7 fold compared to E17.5 epidermis (B) Venn 
diagram showing differences between differentially expressed genes in hair 
follicle and sweat gland placodes (C) Analysis of the chromosomal 
representation of up and downregulated genes in hair follicle and sweat gland 
placode. For each set of differentially expressed genes and each 
chromosome, hyper-geometric test combined with Monte Carlo permutation 
method was applied to find potential allocation bias. The Negative Log p-value 
plot is shown. (D) Genomic view of EDC Locus on chromosome 3. Genes 
located on this locus showed synchronized over-expression during hair follicle 
placode formation   and under-expression during sweat gland placode 
development (E) Genomic view of Keratin locus on chromosome 11 showing 
coordinate downregulation of genes in sweat gland placode versus inter-
placode Epidermis.   
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4.1.2 Functional annotation of the genes that underlie molecular 
signatures of the hair follicle and sweat gland placodes 
To further characterize the significance of the up- and downregulated genes 
during the formation of the hair follicle and sweat gland placodes, functional 
annotation analysis was performed, as described previously (Sharov et al. 
2006; Fessing et al. 2011). We used our in-house gene ontology database to 
assign annotations to all genes that showed changes in the expression levels 
between hair follicle or sweat gland placodes and corresponding inter-placode 
epidermis (for references, see Sharov et al. 2006; Fessing et al. 2010; 
Fessing et al. 2011; Mardaryev et al. 2011). In comparison to traditional 
ontologies databases, our databank allowed to annotate every gene to distinct 
functional categories named: “Adhesion/Extracellular matrix”, “Cell 
cycle/Apoptosis”, ”Cytoskeleton/ Differentiation”, “Metabolism”, ”Nuclear and 
Chromatin Assembly”, “Proteolysis”, “RNA Processing”, “Signalling”, 
“Transcription”, and “Others” (genes with multiple or unknown function). We 
correlated our annotation approach with other frequently used gene 
annotation tools, such as DAVID (Figure 11 C-D).  
Hair follicle placodes. Our gene annotation approach revealed that majority of 
the genes that show significant upregulation in the hair follicle placodes 
belong to the categories “Signaling”, “Transcription” and “Metabolism”. In 
particular, Shh gene, a well-known stimulator of the hair follicle placode fate 
(St_Jacques et al. 1998; Chiang et al. 1999), was on the top of the list of 
genes upregulated in the hair follicle placode and assigned to the category of 
“Signaling” (Table1). Furthermore, Lhx2 and Sox9 transcription factors, 
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whose high expression levels in the hair follicle placodes were shown 
previously (Rhee et al. 2006; Nowak et al. 2008), were among the top 10 
genes upregulated in the hair follicle placodes and assigned to the category 
“Transcription” (Table1). Also, a number of genes that encode different 
adhesion molecules and tight/gap junction proteins, such as claudin 16 
(Cldn16), gap junction protein delta 2 (Gjd2), integrin alpha 10 (Itga10), 
showed marked upregulation in the hair follicle placodes, suggesting that, in 
addition to P-Cadherin (Jamora et al. 2003), these molecules play a role in the 
establishing adhesion between hair follicle placode progenitor cells.     
Among the other gene categories, cell cycle-associated genes that promote 
cell proliferation and placode down-growth (Cdkl4, Cdkl5), as well as 
proteolytic enzymes/inhibitors that might modulate the placode invasion into 
the dermis (Mcpt4, Klk7, Stefin A3) were upregulated in the hair follicle 
placodes (Table1). Also, several keratin genes (Krt79, Krt23, Krt33a and 
Krt17) were upregulated in the hair follicle placodes compared to inter-
placode epidermis (Table1). Interestingly, Krt33a is a hair cortex- and Krt17 is 
hair matrix-specific keratins, respectively (Langbein and Schweizer 2005; 
Langbein et al. 2006), and their upregulation suggests that hair placode 
formation is associated not only with reorganization of the cytoskeleton, but 
also with the onset of expression of the hair-specific keratin genes (Table1). 
In addition, hair follicle placode cells showed the distinct patters of expression 
of the genes encoding metabolic enzymes, and many of them, such as 
hyaloronan synthase 3 (Has3), arachidonate lipoxygenase (Alox12e) and 
chondroitin sulfate N-acetylgalactosaminyltransferase 1 (Csgalnact1) were 
markedly upregulated compared to the inter-placode epidermis (Table1). 
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Genes whose expression was downregulated in the hair follicle placodes 
compared to the inter-placode epidermis also encoded different adhesion 
molecules, such as desmocollin 1 (Dsc1) or gap junction protein delta 4 
(Gjd4), cytoskeleton components (Krtap3-2, Krt14), metabolic regulators 
(Prkag3, Adh1, Cyp4b1), proteolytic enzymes/inhibitors (Serpinb9d, Tmprss4, 
Stfa2l1, Serpinb3b, Ctsc), signalling molecules (Dkk2, Fgf5, Igf2, Tgfbi, 
Bmpr1a) and transcription factors (Pou2af1, Irx1, Klf4, Klf5, Zfp574; (Table1). 
Since some of these genes are either implicated in the control of execution of 
epidermal differentiation program, such as Klf4, or in the inhibition of hair 
follicle placode formation (Dkk2, Bmpr1a) (Segre et al. 1999; Andl et al. 2004; 
Sick et al. 2006), the downregulation of their expression in the hair follicle 
placodes might promote placode formation. In addition, this list also includes f 
chromatin regulator Satb1, which is implicated in the establishing and 
maintenance of epidermal differentiation programme (Fessing et al. 2011; 
Driskell et al. 2012).  
Thus, functional gene annotation analyses revealed that genetic program 
underlying hair follicle placode formation include genes that promote adhesion 
between cells selected to placode fate (Cldn16, Gjd2, Itga10), cell cycle-
associated genes that promote cell proliferation and placode downgrowth 
(Cdkl4, Cdkl5), proteolytic enzymes/inhibitors that modulate the placode 
invasion into the dermis (Mcpt4, Klk7, Stefin A3), as well as placode-specific 
signalling pathways (Wnt, Hedgehog) and transcription factors (Lhx2, Sox9, 
Msx2). Interestingly, because expression of hair-specific keratin 33a is seen in 
hair follicle placodes, this suggests that onset of the hair-specific terminal 
differentiation program already occurs at the placode stage, long before the 
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appearance of morphological features of the hair shaft and inner root sheath 
formation (Paus et al. 1999).    
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Figure 11 Functional annotations of the genes that underlie molecular 
signatures of the hair follicle placodes 
 (A-B) Assignment of the gene signatures of hair follicle placode development 
to distinct categories named: “Adhesion/Extracellular matrix”, “Cell 
cycle/Apoptosis”, ”Cytoskeleton/ Differentiation”, “Metabolism”, ”Nuclear and 
Chromatin Assembly”, “Proteolysis”, “RNA Processing”, “Signaling”, 
“Transcription”, and “Others. Each multicolor bar of the graph represents 
number of the genes within specific category that show overlap with another 
set of differentially expressed genes. (C-D) Functional annotations of genes 
differentially expressed during formation of hair follicle determined with 
PANTHER Gene Ontologies using David. The gene enrichment was 
calculated using hyper-geometric test and negative log p-value plot is 
presented.   
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Sweat gland placodes. Similarly to the hair follicle placodes, gene annotations 
revealed that majority of the genes that show significant upregulation in the 
sweat gland placodes belong to the categories “Signalling”, “Transcription” 
and “Metabolism” (Figure 12A). However, genes upregulated in the sweat 
gland placodes showed only very little overlap (73 genes) with the list of 
genes upregulated in the hair follicle placodes.  
In fact, vast majority of the genes upregulated in sweat gland placodes were 
represented by different sets of genes encoding adhesion/extracellular matrix 
molecules (Itga9, Pcdhb15, Cldn12, etc.), cell cycle-associated proteins 
(Ccng2, Ccng1, Ccnj, Ccny, Cdca7, Cdk1, Cdk4, etc.), cytoskeleton 
components (Myo1g, Tubb3, Myh11, Myl3, etc.), metabolic enzymes and 
transporters (Ptdss1, Slc25a23, Aldh6a1, etc.), proteolytic enzymes and their 
inhibitors (Mmp3, Adam9, Mmp16, Cpe, Ctss, etc.), as well as signalling 
molecules, with most frequent representation of the group of olfactory 
receptors (Olfr1350, Olfr570, Olfr1499, etc.), regulators of 
neuronal/neuropeptide signalling (Chrnb1, Chrna10, Ngfr, Bdnf, Trpc4, Npy1r, 
Ecel1, Sstr2, Nts, etc.), Wnt pathway inhibitors (Dkk3, Fzd9, Fzd7, etc.), Fgf 
receptor ligands/MAP kinases (Fgf8, Fgf21, Map4k2, etc.) and selected 
components of the Edar/NF-kB (Ltb), Hedgehog (Ptch1), interleukin receptor 
(Il27, Il10rb, etc.) and chemokine receptor (Ccr6, Ccl8, Ccl24, Ccl24, Ccl2, 
etc.) signalling pathways. 
Among the list of transcription factors upregulated in the sweat gland 
placodes, again vast majority of genes showed sweat gland placode-
dependent specificity including Scrt2, Zfp534, Zfp53, Zfp51, Six1, Zfp563, 
Foxc2, Yy1, Foxa1, Foxg1, Zfp758, Sox10, Zfp72, Pou2f2, Zfp442, Hoxa2, 
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Msx1, Zfp773, Nrf2f2, Lhx3, Id2, Foxe3, Pou2af1, etc. (Table 1). However, 
few transcription factors upregulated in the sweat gland placodes also showed 
upregulation in the hair follicle placodes including Sp5, Sox13, Egr2, and 
Nfe2l3, suggesting that these transcription factors might regulate common 
target genes in both types of epidermal placodes. In addition, several genes 
that are involved in the control of chromatin remodelling including chromatin 
repressor histone deacetylase Hdac8 and activator of transcription histone 
demethylase Jhdm1d showed upregulation in the sweat gland placodes 
compared to the inter-placode epidermis (Table 1). 
Among the genes, which expression was downregulated in the sweat gland 
placodes compared to the inter-placode epidermis, many genes were again 
sweat gland placode-specific, while only minor part of them (83 genes) 
showed similar changes in expression in the hair follicle placodes (Table 1). 
These genes encode different types of adhesion molecules: gap junction 
proteins - Gjb2, Gjb6, Gpc3, Gja4, Gja8, Gjc1; tight junction proteins - Tjp3, 
Tjp2; claudins 1 and 3 -  Cldn1/3, integrins - Itgb2, Itgb3, Itga11, Itgb4, Itgam; 
cadherins - Cdh11, Pcdh18, as well as desmoplakin (Dsp) and plakophyllin 3 
(Pkp3). Genes encoding extracellular matrix molecules included collagens 
(Col7a1, Col4a6, Col8a2, Col23a1, Col13a1), glypicans (Gpc3, Gpc4), as well 
as decorin and vitronectin (Table 1). However, Col17a1 gene showed 
downregulation in both hair follicle and sweat gland placodes, while Col14a1 
and Dcn genes were upregulated in the hair follicle placodes compared to the 
inter-placode epidermis (Table 1). 
Furthermore, genes encoding cytoskeletal proteins including epidermal 
keratins showed dramatic downregulation in the sweat gland placodes 
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compared to the inter-placode epidermis. These genes comprised type I and 
type II keratin loci located on mouse chromosomes 11 and 15 including (Krt1, 
Krt14, Krt15, Krt16, Krt17, Krt23, Krt33b, Krt34, Krt35, Krt78, Krt80), genes 
activated during terminal keratinocyte differentiation and located in the EDC 
locus on chromosome 3 (Flg, Hrnr, Lce1a1, Lce1b, Lce1c, Lce1d, Lce1e, 
Lce1g, Lce1h, Lce1i, Lce1j, Sprr1a, Sprr1b, Sprr2d, Sprr2g), as well as some 
of the keratin-associated protein genes that are clustered on chromosome 16 
(Krtap3-1, Krtap31-1, Krtap4-16, Krtap4-7, Krtap6-1 , Krtap6-3, Krtap9-3, 
Krtap16-2, Krtap16-5, Krtap16-8). 
Genes downregulated in the sweat gland placode also included numerous 
metabolic enzymes (Acer1, Alox12e, Nat8l, Plbd1, Sulf1) and proteolytic 
enzymes/inhibitors (Serpinb3b, Klk8, Tmprss4, Adam17, Ctsh, etc.). Among 
the genes encoding the components of signalling pathways and 
downregulated in the sweat gland placodes, many genes belonged to the 
Wnt/beta-catenin pathway (Sostdc1, Fzd1, Wnt10a, Wnt16, Wnt3, Wnt6, 
Wnt9b), TGF-beta/BMP/activin pathway (Bmp7, Bmp8a, Bmpr2, Tgfb1i1, 
Tgfbi), Notch pathway (Notch1, Notch3), PDGF pathway (Pdap1, Pde6c, 
Pde7a, Pdgfa), Olfactory receptor signalling (Olfr1295, Olfr123, etc.), and 
interleukin receptor signalling (Il20rb, Il28ra, etc.). 
Finally, sweat gland placodes also showed downregulation of the cassette of 
transcription factors, majority of them again did not show any changes in 
expression in the hair follicle placodes where they were expressed at quite 
high levels (Foxn3, Lmo1, Tcf7l1, Cited4, E2f1, etc.). Some of these 
transcription factors, such as Lhx2 and Gata3, are involved in the control of 
hair follicle development (Kaufman et al. 2003; Rhee et al. 2006). 
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Interestingly, few transcription factors involved in the control of epidermal 
differentiation program (Klf4, Klf5) were commonly downregulated in both 
sweat gland and hair follicle placodes (Table 1).    
Interestingly, genes encoding chromatin regulators whose expression was 
downregulated in sweat gland placodes were more numerous compared to 
the corresponding genes downregulated in the hair follicle placodes (Figure 
11B, Figure 12B). This group of genes included genome organizer Satb1, 
ATP-dependent chromatin remodelers (Chd1, Chd3, Smarca1, Smarca2, 
Smarca4, Smarcad1), components of the Polycomb repressive complex 
(Cbx7, Cbx2), histone deacetylases (Hdac4, Hdac5, Hdac10) and 
heterochromatin-associated genes (Cbx1, Cbx3). Downregulation of 
expression of these genes suggest that formation of sweat gland placodes is 
accompanied by active chromatin remodelling which include re-organization 
of epidermis-specific gene expression programme maintained by Satb1 and 
Brg1 (or Smarca4) (Indra et al. 2005; Fessing et al. 2011), as well as by de-
repression of sweat gland-specific programme, presumably via 
downregulation of expression of the distinct classes of chromatin repressors 
(Hdacs, Polycomb genes, heterochromatin-associated genes).      
Thus, formation of the sweat gland placode is characterized by establishment 
of the very distinct patterns of expression of the genes encoding the adhesion 
molecules, cell cycle regulators, metabolic and proteolytic enzymes, signalling 
molecules and transcription regulators, compared to the hair follicle placodes. 
In striking contrast to the hair follicle placodes, gene expression program 
underlying early steps of sweat gland development includes dramatic 
downregulation of expression of most of the epidermal keratins (except Krt5), 
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as well as of signalling pathways (Wnt/beta-catenin, TGF-beta/BMP, PDGF) 
and transcription factors (Lhx2, Gata3) that regulate hair follicle development. 
These changes were associated with marked overrepresentation of the genes 
involved in the formation of both active and repressive chromatin in the sweat 
gland placodes, compared to the hair follicle placodes. However, some genes 
including extracellular matrix molecule Col17a1, the component of the 
Hedgehog pathway Ptch1, as well as Sp5, Klf4 and Klf5 transcription factors 
showed similar patterns of changes in both sweat gland and hair follicle 
placodes, suggesting that common mechanisms involved in the formation of 
epithelial placodes/buds are exist.        
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Figure 12 Functional annotations of the genes that underlie molecular 
signatures of the sweat-gland placodes. 
(A-B) Assignment of the gene signatures of sweat gland placode development 
to distinct categories named: “Adhesion/Extracellular matrix”, “Cell 
cycle/Apoptosis”, ”Cytoskeleton/ Differentiation”, “Metabolism”, ”Nuclear and 
Chromatin Assembly”, “Proteolysis”, “RNA Processing”, “Signaling”, 
“Transcription”, and “Others. Each multicolor bar of the graph represents 
number of the genes within specific category that show overlap with another 
set of differentially expressed genes. (C-D) Functional annotations of genes 
differentially expressed during formation of hair follicle determined with 
PANTHER Gene Ontologies using David. The gene enrichment was 
calculated using hyper-geometric test and negative log p-value plot is 
presented.   
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4.1.3 Global analyses of the linear genomic distribution of the 
genes that underlie molecular signatures of the mouse hair 
follicle  
In this chapter, the patterns of the linear distribution of the genes that underlie 
molecular signatures of the mouse hair follicle and sweat gland placodes were 
investigated. First analysis of the genomic distribution of the adjacent pairs of 
and triplets were performed. This analysis shows that 18.6 % of the up- and 8 
% of the down- regulated genes in the hair follicle placodes were distributed 
as adjacent pairs  (Figure 13A).  On the other hand, in sweat gland placodes, 
18.6 % of the upregulated genes and 30.5 % of downregulated genes were 
clustered as adjacent pairs (Figure 13A). Furthermore large number of 
adjacent triplets was detected among genes differentially expressed in sweat 
gland placodes. Such pattern was predominantly observed among under-
expressed genes. (Figure 13B). In contrast, downregulated genes in hair 
follicles did not cluster across genome as adjacent triplets (Figure 13B).   
Next, the Monte Carlo permutation test method was applied to asses 
chromosomal distribution of the adjacent genomic clusters. This analysis 
showed that groups of adjacent genes up- or downregulated in the hair follicle 
placodes were significantly more frequently seen on chromosome 3 compared 
to other chromosomes (cut-off p-value = 0.01, Figure 13C). Similar analysis 
of the adjacent triplet genes upregulated in the hair follicle placodes also 
showed their overrepresentation on chromosome 3 (Figure 13D). 
Interestingly, the genes that were downregulated in the sweat gland placodes 
versus the inter-placode epidermis showed significant enrichment of the 
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adjacent gene pairs on chromosomes 2, 7, 10 and 16, while no over-
representation of such grouping patterns at any chromosomes were seen 
among the genes upregulated in the sweat gland placodes (Figure 13C).  
We further investigated the linear distribution of the large genomic regions 
that show presence of 5 or more genes which expression was either up- or 
downregulated in the hair follicle or sweat gland placodes versus the 
corresponding inter-placode epidermis by applying 1 MB sliding window with 
0.5 MB step along the chromosomes (Figure 14A) This analysis allowed to 
identify 34 large genomic domains in sweat gland placodes that show 
presence of 5 or more downregulated genes, while only 6 such domains 
showed presence of the sweat gland placode genes upregulated versus the 
inter-placode epidermis (cut-off p-value = 0.01, permutation test; Figure 14A). 
Majority of these large genomic domains contained genes that belong to 
different functional groups, however, few domains contained functionally 
relevant genes downregulated (serpin serine peptidase inhibitor locus on 
chromosome 1, EDC locus on chromosome 3, keratin type I locus on 
chromosome 11, keratin type II locus on chromosome 15, keratin-associated 
protein locus on chromosome 16) or upregulated (chemokine ligand locus on 
chromosome 5) in sweat gland placodes (Table 3).   
In striking contrast to sweat gland placode, only single 1 Mb domain 
containing 5 or more upregulated genes (EDC locus on chromosome 3) was 
found in the hair follicle placode, while no such domains were seen among the 
placode genes whose expression was downregulated compared to inter-
placode epidermis (Figure 14A). This domain was enriched by the genes 
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activated during terminal keratinocyte differentiation in the epidermis and hair 
follicle (Martin et al. 2004; Fessing et al. 2011). 
These data demonstrate that genes whose expression is changed in the 
sweat gland placodes versus the inter-placode epidermis show significantly 
higher frequency of clustering in the genome compared to hair follicle 
placode-specific genes, thus suggesting that mechanisms controlling higher-
order chromatin remodelling might be involved in the control of activation or 
silencing of these gene groups in the developing sweat gland.      
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Figure 13 Analyses of the distribution of the adjacent pairs of the genes 
activated or inhibited in the mouse hair follicle and sweat gland 
placodes compared to inter-placode epidermis. 
(A-B) Fraction of the genes modulated during formation of the mouse hair 
follicle and sweat gland placodes distributed as adjacent pairs and triples (C-
D) Chromosomal representation of the adjacent genes differentially expressed 
in the mouse hair follicle or sweat gland placodes and distributed in the 
genome as the groups of adjacent pairs or triples genes.  For each set of 
differentially expressed adjacent genes and each chromosome, permutation 
method were applied to find potential allocation bias. The Negative Log p-
value plot is shown. 
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Figure 14 Analysis of the linear distribution of the large genomic regions 
(1 MB) that show presence of 5 or more genes whose expression was 
coordinately up- or downregulated in the mouse hair follicle or sweat 
gland placodes. 
  
(A) Number of large genomic domains that shown enrichment of over- and 
under-expressed genes, identified in the developing placodes  (cut-off p-value 
= 0.01, permutation test).  
(B) Global genome-wide distribution of genes differentially expressed in hair 
follicle and sweat gland placode versus inter-follicular epidermis.  
 
 
 
 
 
 
 
 
 
 
 
 Results 98 
4.1.4 Transcriptional profiling of the fully developed mouse hair 
follicles and sweat glands 
During development, hair follicle placode cells give rise to the progenitor cells 
that form epithelial part of the hair bulb (hair matrix) and subsequently 
differentiate into six distinct cell lineages: the cuticle, Huxley and Henle layers 
of the inner root sheath, as well as the medulla, cortex and cuticle of the hair 
shaft (Hardy 1992; Millar 2002; Schmidt-Ullrich and Paus 2005). In turn, sweat 
gland placode cells differentiate into myoepithelial cells that form an outer 
layer in the epithelial part of the sweat gland, as well as into centrally located 
luminal secretory cells (Kunisada et al. 2009; Lu et al. 2012). 
To compare gene expression profiles of the hair follicle and sweat gland 
placodes with molecular signatures of the fully developed hair matrix 
keratinocytes or sweat glands, laser capture microdissection approach was 
applied to isolate RNA samples from the corresponding structures and 
process them for microarray analysis (Sharov et al. 2006). Genome-wide 
transcriptional profile analysis showed changes in expression of 3242 genes 
in the hair follicle matrix cells comparing to the hair follicle placodes (1.7 Fold-
ratio between normalized intensities profiles were used as the cut off). The 
majority of these genes (2117) were upregulated in the hair matrix cells 
compared to hair placodes, while 1125 gene were downregulated (Figure 
15A). In fully developed sweat glands, 1180 genes showed increase of 
expression, while 1293 genes were downregulated compared to sweat gland 
placodes (Figure 15A).   
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Interestingly, amongst 614 genes that were upregulated in the hair follicle 
placode versus the inter-follicular epidermis, only 3% of the genes (20) 
showed further increase of their transcriptional activity in the hair matrix, 
compared to the hair placodes (Figure 15B). However, expression levels of 
more than 70% of the upregulated genes (435) significantly decreased in fully 
developed hair matrix keratinocytes. (Figure 15C)  
Around 27% of the genes downregulated in hair follicle placodes showed 
further decrease in fully developed hair follicle matrix cells (Figure 15E). On 
the other hand only 4% of the genes downregulated during hair follicle 
developmental stage, significantly raised their expression level in fully 
transformed tissue (Figure 15D) 
 Although majority of the genes that show downregulation of expression in the 
sweat gland placodes versus inter-placode epidermis did not significantly 
change their expression level in adult sweat glands, quite substantial number 
of genes showed decrease (663) or increase of expression level (319) in adult 
sweat glands (Figure 15D-E). On the other hand 125 genes upregulated in 
sweat gland placode further elevate expression during transition to fully 
developed stage, while expression levels of 89 upregulated hair follicle 
placodes genes decreased ( Figure 15B-C). 
Analysis of the chromosomal locations of the genes that significantly change 
expression level in fully developed hair matrix cells or sweat glands showed 
that these genes are non-randomly distributed over the genome (Figure 15F). 
In fully developed hair follicles, downregulated and upregulated genes were 
overrepresented on the chromosomes 3 and 11, respectively (Figure 15F). In 
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adult sweat glands, over-representation of upregulated genes was also seen 
on chromosomes 3 and 11 (cut-off p-value =0.01), while no chromosomal 
enrichment were found for the genes downregulated in fully developed sweat 
gland ( Figure 15F).  
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Figure 15 Transcriptional profiling of the fully developed mouse hair 
follicles and sweat glands 
(A) Number of the genes that change their expression level in hair follicle 
matrix and sweat gland adult cells comparing to hair-follicle and sweat-gland 
placodes by 1.7 fold  (B) Venn diagram showing differences between 
upregulated genes in placodes and upregulated genes in fully developed skin 
appendages (C) Venn diagram showing differences between upregulated 
genes in placodes and downregulated genes in fully developed skin 
appendages (D) Venn diagram showing differences between downregulated 
genes in placodes  and  upregulated genes in fully developed skin 
appendages (E) Venn diagram showing differences between downregulated 
genes in placodes  and  downregulated genes in fully developed skin 
appendages (F)  Analysis of the chromosomal representation of up and 
downregulated genes in fully developed hair follicle and sweat gland 
placodes. For each set of differentially expressed genes and each 
chromosome, permutation test were applied to find potential allocation bias. 
The Negative Log p-value plot is shown. 
 
 
 
 
 
 
 Results 105 
4.1.5 Functional annotation of the genes that underlie molecular 
signatures of the fully developed epithelia of the mouse hair 
follicles and sweat glands 
To further characterize the significance of the up- and downregulated genes 
during the formation of the fully developed hair follicles and sweat glands, 
functional annotation analysis was performed using in-house gene ontology 
database with correlation to other frequently used gene annotation tools, such 
as DAVID (Figure 16) (Sharov et al. 2006; Fessing et al. 2011; Mardaryev et 
al. 2011). 
Fully developed mouse hair follicles (hair matrix cells). Vast majority of cells 
comprising hair follicle matrix include keratinocytes, however, pigment-
producing melanocytes are also present here (Botchkareva et al. 2001). In 
contrast to keratinocytes, melanocytes of the hair matrix do not proliferate and 
show very distinct lineage-specific gene expression profile characterized by 
high transcription levels of the genes encoding melanogenic enzymes and by 
lack of expression of keratin genes (Botchkareva et al. 2001; Rendl et al. 
2005). Therefore, to distinguish molecular signatures of the hair matrix 
keratinocytes and melanocytes, we correlated our data with gene expression 
profiling data obtained from isolated hair matrix keratinocytes and 
melanocytes published previously (Rendl et al. 2005). 
In fully developed hair follicles, hair matrix cells showed upregulation of the 
genes that encode distinct adhesion molecules (Cldn8, Gjb2, Gjb6, Itga11, 
Pkp3), compared to the hair follicle placodes (Table 1). Interestingly, many of 
these genes were strongly downregulated in the sweat gland placodes and 
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showed further downregulation in fully developed sweat glands  (Table 1). 
Also, in contrast to the hair follicle placodes, expression levels of the cyclin-
dependent kinase inhibitors (Cdkn2b, Cdkn1a), cyclin J (Ccnj) and cyclin 
dependent kinases (Cdk5r2, Cdk9) was upregulated in the hair matrix cells.  
Consistent with data published previously (Langbein and Schweizer 2005; 
Rendl et al. 2005; Langbein et al. 2006), hair matrix keratinocytes showed 
upregulation of expression of the inner root sheath-specific keratin genes 
(Krt25, Krt27, Krt28, Krt71) and hair shaft-specific keratins (Krt75, Krt33a, 
Krt82, Krt31, Krt34, Krt33b), as well as of keratin-associated protein genes 
(Krtap16-2, Krtap16-4, Krtap16-5, Krtap16-7, Krtap16-8, etc.). 
Among the list of metabolic enzymes upregulated in the hair matrix cells were 
three key melanogenic enzymes (Trp1, MelanA and Dct), which is consistent 
with presence of pigment-producing melanocytes in the hair bulb of murine 
hair follicles (Botchkareva et al. 2001; Sharov et al. 2003; Rendl et al. 2005; 
Sharov et al. 2005). Interestingly, only 2 genes (Fbp1, Pfas) out of 189 genes 
encoding metabolic enzymes and upregulated in the hair matrix versus hair 
follicle placodes showed similar changes in expression in fully developed 
sweat gland compared to sweat gland placode (Table 1).   
Hair matrix cells also showed distinct set of the upregulated genes that 
encode proteolytic enzymes and their inhibitors (Cpm, Timp3, Serpinb13, 
Ctsc, etc.) compared to hair follicle placode. Genes encoding signaling 
molecules and upregulated in the hair matrix included the components of the 
Wnt (Wnt10a, Wnt5a, Wif1), Fgf/MAP kinase (Fgf5, Map3k6), Bmp (Bmp8a, 
 Results 107 
Bambi, Smad7), Notch (Notch1, Nrarp, Jag1), Igf (Igfbp5, Igfbp7, Igf1r), Scf/c-
kit (c-kit) pathways, as well as a number of olfactory receptors (Table 1). 
Many of transcription factors upregulated in the hair matrix cells (Msx2, E2f2, 
JunB, Ovol1, Dlx2/4, Id1/2, Hoxc13, Gata3, Lef1) also showed high 
expression levels in isolated hair matrix keratinocytes (Rendl et al. 2005). 
Some of them are involved in the control of the hair shaft-specific (Msx2, 
Hoxc13, Lef1) or inner root sheath-specific (Gata3) differentiation (DasGupta 
and Fuchs 1999; Jave-Suarez et al. 2002; Kaufman et al. 2003; Ma et al. 
2003), while functions of the others remain to be defined.  However, some 
transcription factors upregulated in the hair matrix were melanocyte-specific 
(Mitf, Klf15), or were expressed at relatively high levels in both keratinocytes 
and melanocytes (Foxp1, Gtf2h1) (Rendl et al. 2005). In addition, few 
repressive chromatin regulators (Cbx8, Hdac10) were upregulated in the hair 
follicle matrix cells, suggesting that epigenetic mechanisms might also be 
involved in the control of terminal differentiation of hair matrix cells (Table 1). 
Genes that show downregulation of expression in hair matrix cells compared 
to the hair follicle placodes and encoded adhesion/extracellular matrix 
molecules included 79 genes, while only few of them (Col7a1, Lamc2 and 
Gpc3) were also downregulated in the fully developed sweat glands versus 
sweat gland placodes (Table 1). Interestingly, few genes in this category 
showed upregulation of their expression in fully developed sweat glands 
(Lama2, Matn1, Tjp2), suggesting that hair matrix cells and sweat gland 
luminal/myoepithelial cells recruit quite distinct molecules to establish 
adhesion to each other (Table 1). 
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Cell cycle-associated genes downregulated in the hair matrix included cyclin 
G2 (Ccng2), cyclin-dependent kinases (Cdk11b, Cdkl4) and their inhibitors 
(Cdkn2a). Among the group of genes that encode cytoskeletal/motility 
proteins downregulated in the hair matrix cells compared to hair follicle 
placodes were epidermal keratin genes (Krt1, Krt14, Krt15, Krt17), 
components of the epidermal cornified cell envelope (Flg, several genes of 
the Lce family), as well as cell migration-associated genes (Myh3, Myl1, 
Tnni2, Myl7, Myo7a, etc.). 
Furthermore, a group of genes involved in the control of cell metabolism was 
also quite distinct compared to the hair follicle placodes or fully developed 
sweat glands, although some genes, such as Cyp4b1, Slc35f5 or Car13, 
showed downregulation in both hair matrix and sweat gland cells (Table 1). 
Interestingly, downregulation of several genes encoded different cysteine 
protease inhibitors of the Stefin family (Stfa3, Stfa1, Stfa2l1) was also seen in 
both fully developed hair matrix and sweat glands (Table 1). In addition, hair 
matrix cells showed marked downregulation in expression of the members of 
the Serpin family of serine protease inhibitors (Serpinb3b, Serpinb12, 
Serpinb1b, etc.).    
Among the group of genes involved in the control of cell signalling, a quite 
large number of genes encoding different growth factor and cytokine receptor 
ligands (Bdnf, Bmp2, Bmp8b, Fgf10, Fgf20, Gdf15, Hgf, Igf2, Il6, Il15, Ngf, 
Pdgfa, Pdgfb, Pdgfc, Shh, Tgfb1, Tgfb2, Tgfb3, Wnt3, Wnt16) showed 
downregulation in hair matrix cells compared to the hair follicle placodes 
(Table 1). In the category of genes encoding different transcription factors, 
only few genes (Sox9, Sp5, Tcf7l1, Hoxc12, Mef2c, Meis2, Zfp566, Klf4, Irx1, 
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Irx4) show downregulation in both hair matrix cells and sweat glands versus 
their corresponding placodes, while vast majority of genes were 
downregulated only in the hair follicles (Table 1). In addition, few chromatin-
remodelling factors associated with maintenance of epidermal differentiation 
program (Satb1, Chd3) were also downregulated in the hair matrix cells 
compared to hair follicle placodes. 
Thus, transition of the developing hair follicles from the placode stage to fully 
matured hair shaft producing organ is accompanied by marked changes in 
gene expression programmes in epithelial cells and includes re-organization 
of the cell adhesion profile, cytoskeleton (downregulation of epidermal 
keratins and cell motility genes, upregulation of the inner root sheath- and hair 
shaft-specific keratin genes), modulation of the balance of activity of different 
signalling pathways (Wnt, Bmp, Notch, Hedgehog, Fgf, Igf), transcription 
factors (Msx2, E2f2, JunB, Ovol1, Dlx2/4, Id1/2, Gata3, Sox9, Sp5, Tcf7l1, 
Hoxc12, Mef2c, Meis2, Trp53, Zfp566, Klf4, Irx1, Irx4) and chromatin 
regulators (Cbx8, Hdac10, Satb1, Chd3). 
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Figure 16 Functional annotations of the genes that underlie molecular 
signatures of the mouse hair follicle matrix. 
  
(A-B) Assignment of the gene signatures of fully developed hair follicles to 
distinct categories named: “Adhesion/Extracellular matrix”, “Cell 
cycle/Apoptosis”, ”Cytoskeleton/ Differentiation”, “Metabolism”, ”Nuclear and 
Chromatin Assembly”, “Proteolysis”, “RNA Processing”, “Signaling”, 
“Transcription”, and “Others. Each multicolor bar of the graph represents 
number of the genes within specific category that show overlap with another 
set of differentially expressed genes. (C-D) Functional annotations of genes 
differentially expressed in hair follicle matrix vs. hair follicle placodes 
determined with PANTHER Gene Ontologies using David. The gene 
enrichment was calculated using hyper-geometric test and negative log p-
value plot is shown.   
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Fully developed mouse sweat gland (luminal and myo-epithelial cells). 
Epithelial part of the sweat gland coil consists of two major cell types – luminal 
and myo-epithelial cells (Lu et al. 2012). Using laser capture microdissection 
approach, the RNA samples were isolated from the sweat gland coil and 
included both cell types. Therefore, to distinguish molecular signatures of the 
luminal and myo-epithelial cells, we correlated our data with gene expression 
profiling data obtained from these two cell populations isolated by cell sorting 
and published previously (Lu et al. 2012). 
In fully developed sweat gland coil, expressions of several genes that encode 
distinct adhesion molecules (Cldn17, Cldn3, Epcam, Cdh11, Tjp2) were 
upregulated, compared to the sweat gland placodes (Table 1). According to 
the data published previously (Lu et al. 2012), Epcam and Cldn3 expression 
levels were much higher in the luminal cells compared to myo-epithelial cells, 
while expression of Tjp2 in these two types was rather similar, suggesting that 
luminal and myo-epithelial cells show certain differences in their adhesion 
profiles established in fully developed sweat glands. Fully developed sweat 
glands also showed upregulation of few cell cycle-associated genes (Cdkn2a, 
Cdk5r2, Cdkl5), compared to sweat gland placodes (Table 1). 
Among the genes encoding different cytoskeleton components, few dynein 
genes were upregulated (Dnahc3, Dynll1, Dnali1), suggesting for activation of 
intracellular microtubule-associated transport in sweat gland epithelium. Also, 
sweat gland epithelium showed upregulation of large number of genes 
encoding metabolic enzymes including fructose bisphosphatase 1 (Fbp1), 
which was predominantly expressed in luminal cells (Lu et al. 2012) and also 
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showed upregulation of its expression in hair matrix keratinocytes (Table 1).  
However, majority of these genes were specifically upregulated in sweat 
glands, suggesting for the differences in metabolic activity between fully 
developed sweat gland epithelium and sweat gland placode, on the one hand, 
and between the sweat gland and hair matrix epithelial cells on the other. 
Epithelium of fully developed sweat glands also showed marked changes in 
expression of the genes that encode distinct signalling molecules and 
transcriptional regulators. Among signalling molecules, striking increase of 
expression of many olfactory receptors (Olfr906, Olfr971, Olfr978, Olfr1420, 
Olfr414) was seen in sweat gland epithelium compared to sweat gland 
placodes. Interestingly, some of the olfactory receptor genes were already 
upregulated in the sweat gland placodes and showed further increase of their 
expression in fully developed organ (Table 1). 
Also, several transcription factor genes (Cited4, Lhx4, Msx1, Runx3, Foxi2, 
Hes2, Lmx1b, Ikzf4, Sox15, Yy1, etc.) showed marked increase of their 
expression in sweat gland epithelium compared to sweat gland placodes. 
Interestingly, only few of them were also increased in the sweat gland 
placodes (Msx1, Yy1), while only Cited4 gene, which was predominantly 
expressed by luminal cells (Lu et al. 2012), showed also upregulation of 
expression in hair matrix cells (Table 1). In addition, fully developed sweat 
gland epithelial cells showed upregulation of expression of few genes 
encoding different chromatin regulators (Smarca2, Polycomb component 
Pcgf2, Sin3a), suggesting that transition of the sweat gland progenitor cells 
towards fully differentiated status is associated with changes in the epigenetic 
status of the cell.            
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Genes that showed downregulation of their expression in fully developed 
sweat gland epithelium compared to sweat gland placodes also belonged to 
different functional groups listed above (Table 1). Surprisingly, vast majority of 
these genes in all functional groups analyzed were already downregulated in 
sweat gland placodes compared to inter-placode epidermis (Table 1). These 
genes encoded cell adhesion (Itgb4, Itga11, Itgb5, Gjc3, etc.) and 
extracellular matrix molecules (Col7a1, Col17a1, Lamc2, Dcn, Gpc4, etc.), 
cytoskeleton components with strong presence of the epidermal/hair follicle 
keratin genes (Krt14, Krt5, Krt15, Krt17, Krt35, etc.) and cornified cell 
envelope genes (Lce family, Lor, Sprr1a, etc.), metabolic and proteolytic 
enzymes/inhibitors (Stfa1, Serpinb5, Stfa3, Csta, Ctsh, etc.), signalling 
molecules (Cxcl14, Wnt6, Bmp7, Wnt10a, Jag2, etc.), transcription factors 
(Tbx1, E2f2, Klf5, Irx4, Foxn3, etc.) and chromatin regulators (Jarid2, Hdac4, 
Smarca4, Chd3, Lmnb2, Hdac5, etc.). 
However, several genes that showed downregulation in the sweat gland 
epithelium (Sp5, Nfe2I3, Sox10, etc.) were upregulated in the sweat gland 
placodes versus the inter-placode epidermis, suggesting that these genes 
play important roles in the placode formation, while their activity in fully 
developed epithelial cells is decreased (Table 1). Also, some genes showed 
downregulation in the sweat gland epithelium were expressed in the sweat 
gland placodes at quite high levels (Wif1), suggesting that downregulation of 
their expression was sweat gland coil-specific. 
Thus, the major features of the molecular signature of the fully developed 
sweat gland epithelium was establishment of the genetic program strikingly 
different from the hair matrix cells and dramatic downregulation of the 
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epidermal differentiation program initiated already at the sweat gland placode 
stage. Establishment of the sweat gland epithelium-specific program is 
accompanied by marked changes in the expression of adhesion molecules, 
cytoskeletal proteins, metabolic enzymes, signalling molecules, transcription 
factors and chromatin regulators. These changes appear to be much more 
pronounced compared to the changes in gene expression occurring during 
hair follicle development and suggest that regulatory mechanisms modulating 
both local and higher-order chromatin remodelling play an important role in 
the genome re-organization during sweat gland development.          
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Figure 17 Functional annotations of the genes that underlie molecular 
signatures of the mouse adult sweat glands. 
(A-B) Assignment of the gene signatures of fully developed sweat glands to 
distinct categories named: “Adhesion/Extracellular matrix”, “Cell 
cycle/Apoptosis”, ”Cytoskeleton/ Differentiation”, “Metabolism”, ”Nuclear and 
Chromatin Assembly”, “Proteolysis”, “RNA Processing”, “Signaling”, 
“Transcription”, and “Others. Each multicolor bar of the graph represents 
number of the genes within specific category that show overlap with another 
set of differentially expressed genes. (C-D) Functional annotations of genes 
differentially expressed in adult sweat glands vs. sweat gland placodes 
determined with PANTHER Gene Ontologies using David. The gene 
enrichment was calculated using hyper-geometric test and negative log p-
value plot is shown. 
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4.1.6 Global analyses of the linear genomic distribution of the 
genes that underlie molecular signatures of the mouse fully 
developed epithelia of the hair follicles and sweat glands 
To define the patterns of the linear distribution of the genes that underlie 
molecular signatures of the fully developed hair follicle matrix and sweat 
glands, we first analyzed distribution of the adjacent pairs of the genes 
activated or inhibited in the hair follicle matrix or sweat glands compared to 
the corresponding placode stages of development of these epidermal 
appendages. The analysis of the distribution of the differentially expressed 
genes in fully developed hair follicles showed that 26% and 19,6 % of the 
genes down- or upregulated in the hair matrix versus hair follicle placodes, 
respectively, were distributed as adjacent pairs in the genome (Figure 18A). 
Similarly, 15.4% and 12,7 % genes down- or upregulated in fully developed 
sweat glands versus the sweat gland placodes, respectively, were distributed 
as adjacent pairs in the genome (Figure 18A). This analysis also confirmed 
that the genes downregulated in the hair follicle matrix comprised the highest 
fraction of physically allocated triples over the genome (Figure 18B). 
We further performed analysis of the chromosomal distribution of the adjacent 
gene pairs and triplets showed differential expression between fully developed 
hair follicles or sweat glands and the corresponding placodes (MC 
permutation methods) (Figure 18C-D). Interestingly, upregulated hair matrix 
genes that form adjacent pairs were over-represented on chromosomes 11 
and 16 and downregulated genes showed enrichment on chromosomes 3, 
and, in addition, both up- and downregulated genes were significantly more 
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frequent on chromosome 16 compared to other chromosomes (Figure 18C). 
Similarly, chromosomal allocation analysis performed for the adjacent gene 
triplets showed overrepresentation of such groups among upregulated genes 
on chromosomes 11 and 16 and downregulated genes on chromosomes 3,6 
and 9 compared to other chromosomes (Figure 18D). In fully developed 
sweat glands, downregulated genes grouped into adjacent pairs or triplets 
showed enrichment on chromosome 3, while upregulated adjacent pairs were 
over-represented on chromosome 4. (Figure 18C-D). 
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Figure 18 Analyses of the distribution of the adjacent pairs of the genes 
activated or inhibited in the fully developed hair follicle and sweat gland 
versus placodes. 
(A-B) Fraction of the genes modulated in fully developed hair follicles and 
sweat glands distributed as adjacent pairs and triples (C-D) Chromosomal 
representation of the genes differentially expressed in adult hair follicles or 
sweat glands and distributed in the genome as the groups of adjacent pairs or 
triples genes.  For each set of differentially expressed adjacent genes and 
each chromosome, Monte Carlo permutation method was applied to find 
potential allocation bias. The Negative Log p-value plot is shown 
 
 
 
 
 
 
 
 
 
 
 
 Results 125 
We further investigated the linear distribution of the large genomic regions 
that show presence of 5 or more genes which expression was either up- or 
downregulated in the hair follicle matrix or sweat gland epithelial cells versus 
the corresponding placodes by applying 1 MB sliding window with 0.5 MB 
step along the chromosomes (Figure 19). This analysis allowed to identify 21 
large genomic domains in hair follicle matrix cells that show presence of 5 or 
more upregulated genes and 9 similar domains with downregulated genes 
(cut-off p-value = 0.01, permutation test; Figure 19A). 
Interestingly, some chromosomes (4, 8, 9, 11, 17, 18, 19) showed presence of 
only large genomic domains containing upregulated genes, while other 
chromosomes showed presence of only domains with downregulated genes 
(13, 14) or both types (up- and downregulated) of domains (3, 7, 16) (7, 16) 
(Table 5-8). Remarkably, chromosome 7 showed presence of 6 large 
genomic domains distributed all over the chromosome length: 5 of them 
contained genes with upregulated expression levels, while one domain 
contained genes with downregulated expression levels versus the hair follicle 
placode. (Table 5-6)  
Fully developed sweat gland epithelium showed presence of 16 1Mb genomic 
domains with 5 or more up- or downregulated genes (Figure 19A). Many 
genes comprising these domains showed downregulation in their expression 
already in sweat gland placodes and were further downregulated during 
shutting down the epidermal differentiation programme in sweat gland 
epithelial cells (Table 4,8). However, 4 of large genomic domains contained 
only genes whose expression was upregulated in the sweat gland epithelium 
versus sweat gland placodes, suggesting that regulatory mechanisms that 
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coordinate gene expression in these domains are required not only for 
silencing of gene expression, but also for gene activation in the sweat gland 
epithelial cells (Table 7).   
Similarly to sweat gland placodes, majority of such large genomic domains 
contained genes that belong to different functional groups, however, few 
domains contained functionally relevant genes, such as serpin serine 
peptidase inhibitor locus on chromosome 1, EDC locus on chromosome 3, 
keratin type I locus on chromosome 11, keratin type II locus on chromosome 
15, keratin-associated protein locus on chromosome 16, whose genes were 
downregulated in sweat gland epithelial cells as well as the chemokine ligand 
locus on chromosome 5 showed upregulation of the gene expression 
compared to sweat gland placodes .   
Similarly to the hair follicle matrix, largest number of such domains was seen 
on chromosome 7, however, in striking contrast to the hair follicle, only one of 
them showed presence of the genes with upregulated expression levels 
compared to the sweat gland placodes, while 5 other domains were 
comprised of the genes with downregulated expression levels.  
These data demonstrate that genes whose expression is changed in the fully 
developed appendages show high frequency of clustering in the genome and 
suggest that their coordinate expression is most likely regulated via 
recruitment of the higher-order chromatin remodelling mechanisms and 
perhaps require changes in the intra-nuclear positioning of the loci relatively 
other transcriptionally active or repressive nuclear compartments and/or 
folding of the corresponding chromatin domains.  
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Figure 19 Analysis of the linear distribution of the large genomic regions 
(1 MB) that show presence of 5 or more genes whose expression was 
coordinately up- or down regulated in fully developed and placodes of 
hair follicles and sweat glands. 
 (A) Number of large genomic domains that showed enrichment in 
synchronously over and under-expressed genes, identified in developing 
placodes  (cut-off p-value = 0.01, permutation test)  
(B) Number of large genomic domains that showed enrichment in 
synchronously over and under-expressed genes, identified in fully developed 
hair follicles and sweat glands  (cut-off p-value = 0.01, permutation test)  
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4.1.7 Summary 
1. Complex analyses of the global microarray data revealed that genetic 
programs underlying formation of the distinct types of epidermal placodes 
(hair follicle and sweat gland) show only little degree of similarity and, in fact, 
are markedly different.  
The differences between two distinct types of epidermal placodes include 
distinct sets of genes recruited for: i) establishment of adhesion between the 
placode cells, ii) invasion of the growing placode into the mesenchyme, iii) re-
organization of the cytoskeletal apparatus in the placode cells, which include 
the onset of hair shaft-specific keratin gene expression in the hair follicle 
placodes and dramatic downregulation of the epidermal differentiation 
program in the sweat gland placodes, iv) establishment of the distinct patterns 
of signalling molecules, transcription factors and epigenetic regulators in the 
hair follicle and sweat gland placode cells.  
The similarities in the molecular signatures between two types of epidermal 
placodes include changes in expression of distinct extracellular matrix 
components, signalling and transcription regulators, which might be involved 
in execution of common placode-specific programmes, such as modulation of 
epithelial-mesenchymal interactions, cell proliferation and transcriptional 
repression in the placode cells. 
2. Epithelial cells of the fully developed hair follicles and sweat glands show 
further changes in their molecular signatures associated with establishment of 
the lineage-specific transcription programmes and execution of their specific 
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functions, including upregulation of the distinct sets of genes that are involved 
in the control cell adhesion, migration, cytoskeletal organization, 
signalling/transcription and chromatin remodelling. In contrast to hair matrix 
cells, sweat gland epithelial cells show marked downregulation of the 
epidermal differentiation program that was initiated already at the placode 
stage. These changes appear to be much more pronounced compared to the 
changes in gene expression in the developing hair follicle and suggest that 
transformation of epidermal progenitor cells into secretory epithelial 
phenotype of sweat glands requires more complex genome re-organization. 
3. Linear genomic distribution analysis revealed that about 1 and 11% of the 
genes that comprise the molecular signatures of the developing hair follicle or 
sweat glands, respectively, show clustering in the genome and coordinate 
changes in their expression patterns. These genes are concentrated at the 
large genomic domains (about 1 Mb length), in which gene expression is 
either up- or downregulated during development in a coordinated manner. 
Majority of these domains contains genes that belong to different functional 
groups, while some domains contain functionally relevant genes (Epidermal 
Differentiation Complex locus, keratin type I locus, keratin-associated protein 
locus, etc.). These data suggest that coordinated patterns of gene expression 
in these domains is most likely regulated via recruitment of the higher-order 
chromatin remodelling mechanisms and perhaps require changes in the intra-
nuclear positioning of these domains relatively to other transcriptionally active 
or repressive nuclear compartments.  
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4.2  Bioinformatics analysis of the transcription factor-
mediated and epigenetic regulatory mechanisms 
controlling development of the epidermis and hair 
follicles 
Increased evidence of data suggests that keratinocyte-specific genetic 
programs are regulated at several levels (signalling, transcription, epigenetic), 
and chromatin remodeling factors operate as integral part of the genetic 
programs governed by transcription factors and modulate their effects on local 
or global chromatin structure (Botchkarev et al. 2012; Frye and Benitah 2012; 
Zhang et al. 2012). Moreover, transcription factors might directly interact with 
chromatin remodelers to target them to the specific genomic sites and 
regulate gene expression. However, chromatin-remodeling factors might, in 
turn, regulate expression of the distinct transcription factors via formation of 
the active or repressive local chromatin structure at their promoter regions 
(Botchkarev et al. 2012; Frye and Benitah 2012; Zhang et al. 2012).  
In this chapter, we performed computational analysis of the genetic programs 
regulated in keratinocytes by Lhx2 transcription factor and genome organizer 
and higher-order chromatin remodeler Satb1. The result of these analyses 
were included into three manuscripts published in collaboration with Professor 
S. Werner’s lab (Swiss Federal Institute of Technology) and Dr. T. Kohwi-
Shigematsu’s lab (National Laurence Berkeley Laboratory, University of 
California Berkeley) (Development, 2011, 138, 4843-52; J Cell Biol. 2011, 
194:825-39, see manuscripts attached in the Appendix).        
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4.2.1 Analysis of the genetic programme regulated by Lhx2 
transcription factor in keratinocytes 
The Lim-homeodomain transcription factor Lhx2 is an important regulator 
controlling hair follicle development and switch between stem cell 
maintenance and activation in adult hair follicles (Rhee et al. 2006; Tornqvist 
et al. 2010). Lhx2 is expressed in the hair follicle placodes during skin 
development, as well as in the bulge and hair germ of mouse telogen (resting) 
HFs, and Lhx2 deficiency in mice leads to lack of about 40% of the hair 
follicles in back skin, as well as in incapability in maintaining a quiescent state 
in the bulge stem cells (Rhee et al. 2006). In other organs (eye, pituitary 
gland, limb, brain, hematopoietic system), Lhx2 operates as a central link in 
the genetic networks that coordinates multiple signaling pathways controlling 
organ development, cell fate determination, as well as stem cell maintenance, 
differentiation and self-renewal (Porter et al. 1997; Hirota and Mombaerts 
2004; Tiede and Paus 2006; Dahl et al. 2008; Chou et al. 2009; Yun et al. 
2009).  
We focused our studies on Lhx2 transcription factor because of its high 
expression levels in the hair follicle placodes of the developing hair follicles, 
as well as in the hair follicle stem cells residing in the bulge of telogen hair 
follicles (Rhee et al. 2006; Tornqvist et al. 2010; Mardaryev et al. 2011). 
Moreover, Lhx2 expression in these keratinocytes populations was 
appendage-specific, since no Lhx2 expression was seen in the sweat gland 
placodes or in fully developed sweat gland epithelium (see chapter 4.1).  
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4.2.2 Combined microarray and ChIP-on-chip analyses reveal that 
Lhx2 transcription factor operates as both activator and 
repressor of gene expression in keratinocytes 
To identify direct regulatory targets of Lhx2 in keratinocytes, integrative 
analysis of the global microarray profiles obtained from Lhx2-null mice and 
genome-wide ChIP-on-chip analysis of Lhx2 targets were performed. To 
identify genes regulated by Lhx2 in keratinocytes, the raw Agilent microarrays 
profiles for Lhx2 -/- and WT mice were background-corrected, normalized and 
annotated using R-Bioconductor packages. Differentially expressed genes 
were identified by applying 2-Fold cut-off to the ratios between normalized 
intensity profiles for gene expression data in the Lhx2 -/- and WT mice. The 
analysis of microarray expression profiles for E16.5 Lhx2 -/- and WT mice 
disclosed 2536 down and 4333 up- regulated genes (Figure 20).  
Next, we identified genes, whose regulatory regions showed direct Lhx2 
binding, by applying the analytical pipeline described in Bioconductor package 
Ringo to ChIP-on-chip binding profiles of Lhx2 (Mardaryev et al. 2011). As the 
result of this analysis, 12131 peaks showing binding of anti-Lhx2 antibody 
displayed significant differences to the controls (Input non-specific IgG). After 
applying a filter that removed duplicated or not annotated peaks, 2323 genes 
were considered to show “true” Lhx2 binding (Figure 20). 
To identify genes, whose expression is changed in Lhx2 -/- versus WT mice 
and that show Lhx2 binding in ChIP-on-chip assay (“direct Lhx2 targets”), 
microarray and ChIP-on-chip data were merged, and genes present in both 
datasets were selected (Figure 20) as the results of these analyses, 621 
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genes found in both datasets contained 445 genes downregulated and 176 
genes upregulated in Lhx2 -/- mice compared to WT mice. These results 
suggested that Lhx2 in keratinocytes operates predominantly as 
transcriptional repressor. 
Interestingly, among the Lhx2 targets involved in the control of cell 
adhesion/extracellular matrix remodeling, metabolism, cytoskeleton, signaling 
and transcription, several genes, such as Sox9, Tcf3 and Lgr5 were implicated 
in the control of stem cell activity.  Several Lhx2 target genes were found in 
the EDC locus on chromosome 3, which contains gene families activated 
during terminal keratinocyte differentiation (Martin et al. 2004; Fessing et al. 
2011). These data suggest that Lhx2 operates as one of the important 
transcriptional regulators of hair follicle development and modulates gene 
expression programs in keratinocytes via employing both activating and 
repressive regulatory mechanisms.     
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Figure 20 Direct targets of transcription factor Lhx2 identified as 
common genes between differentially expressed genes in Lhx2-/- and 
Lhx2 ChIP-on-chip 
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4.2.3 Lhx2 target genes are non-randomly distributed over the 
genome and show preferential associations with genomic 
loci containing functionally-related genes 
To further characterize mechanisms underlying the involvement of Lhx2 in the 
control of execution of lineage-specific gene expression program in 
keratinocytes, the linear genomic distribution of the Lhx2 target genes was 
investigated, as described above (see chapter 4.1.3). 
The analysis of the allocation of Lhx2 target genes to distinct chromosomes 
revealed their non-random distribution over the genome. In particular, 
topological analysis revealed that about 20% of Lhx2 target genes are 
grouped and belong to the keratinocyte-specific gene loci, such as Epidermal 
Differentiation Complex (chromosome 3) or Keratin–associated protein locus 
(chromosome 16), as well as to smaller-size genomic loci containing 
functionally-related genes (e.g. Wnt Ligands, serpin protease inhibitors, 
distinct adhesion molecules, etc.) (Figure 21).  
Interestingly, changes in the expression levels of the Lhx2 target genes and 
neighbouring functionally-related non-Lhx2 target genes in such genomic loci 
were similar (Figure 21A), suggesting that common regulatory mechanisms 
might be employed in controlling the expression of these groups of genes.  
Comparative analyses of the mean absolute expression values in functionally-
related adjacent genes targeted by Lhx2 showed that the groups of genes   
positively regulated by Lhx2 have significantly higher absolute expression 
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levels, whether those genes that represent the Lhx2 negative targets are 
expressed at significantly lower levels (Figure 21B). 
 To identify regulatory partner/partners of Lhx2, which might be involved in the 
control of coordinated expression of neighbouring functionally-relevant non-
Lhx2 target genes in keratinocytes, the promoter regions of non-Lhx2 target 
genes in functionally-related loci were analysed for the presence of putative 
common transcription factor-binding motifs extracted from the Genomatix and 
Jaspar databases and literature. To test if the promoters were enriched in a 
query set of the distinct motifs, we applied the hypergeometric distribution in 
similar matter as in previous chapter with p-values corresponding to the 
probability of having at least the motifs promoter set. To correct for multiple 
testing, we adjusted P-values by permutation test. In addition, these data 
were filtered by removing the motifs of transcription factors, which are not 
expressed in the hair follicles. 
Analyses of the regulatory regions of the non-Lhx2 target genes grouped in 
the genome together with Lhx2 targets revealed significant (p-value<0.01) 
enrichment of the binding sites for Sox9 and Tcf4 transcription factors (Figure 
21C). Interestingly, we previously showed that both Sox9 and Tcf4 serve as 
direct Lhx2 targets, which positively regulates their expression in 
keratinocytes (Mardaryev et al. 2011). Although additional ChIP-on-chip or 
ChIP-seq experiments are required to further prove whether or not these non-
Lhx2 target genes indeed serve as direct targets for Sox9 or Tcf4, these data 
suggest that positive regulatory loops between Lhx2 and Sox9/Tcf4 might 
provide a coordinated control of expression of functionally related genes in 
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distinct genomic loci. Thus, Lhx2 might regulates gene expression in 
keratinocytes through targeting not only single genes, but also via regulating 
the expression of functionally related genes grouping in the distinct loci via 
regulatory networks with other transcription factors. 
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Figure 21 Genome-wide distribution of Lhx2 transcription factor targets 
(A) Analysis of the allocation of Lhx2 target genes to distinct chromosomes 
revealed their non-random distribution over the genome. In particular, 
topological analysis revealed that about 20% of Lhx2 target genes are 
grouped and belong to the keratinocyte-specific gene loci, such as Epidermal 
Differentiation Complex (chromosome 3) or Keratin–associated protein locus 
(chromosome 16), as well as to smaller-size genomic loci containing 
functionally-related genes (e.g. Wnt Ligands) (B) Analysis of mean expression 
level of loci-specific functional groups regulated by Lhx2 (C) Transcription 
factor binding sites motifs of Tcf4 and Sox9.  Analyses of the promoter 
regions of the non-Lhx2 target genes grouped in the genome together with 
Lhx2 targets revealed significant (p<0.01) enrichment of the binding sites for 
Tcf4 and Sox9 transcription factors. 
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4.2.4 Analyses of the epigenetic status of the Lhx2 target genes in 
keratinocytes 
DNA methylation provides a mechanism for robust and epigenetically 
heritable gene silencing. Mouse knockout studies have shown that the 
mammalian DNA methyltransferases Dnmt1, Dnmt3a, and Dnmt3b are 
essential for embryonic development, and that loss of DNA methylation 
interferes with tissue homeostasis (Feng et al. 2010). 
To investigate the correlation between DNA methylation and levels of 
expression of the genes and functionally related gene groups serving as Lhx2 
targets, publically available genomic maps of DNA methylation at single-base 
resolution for hair follicle bulge stem cells (Bock et al. 2012) were explored. 
The non-parametric t-test was used to compare the mean values of the 
methylation level between groups of genes negatively regulated by Lhx2 and 
the rest of the genome.  To correct for multiple testing we adjusted P-values 
by Monte Carlo permutation test (10000 runs).  
Results of these analyses revealed that DNA methylation levels of the genes 
negatively regulated by Lhx2 in keratinocytes were significantly higher 
compared to the average methylation values of the keratinocyte genome 
(Figure 22). These data indicate that Lhx2-mediated transcriptional 
repression might be linked or coordinated with activity of the DNA 
methyltransferases, suggesting possible inter-connection between the 
transcription factor-mediated and epigenetic regulatory mechanisms 
controlling gene expression in keratinocytes.  
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           Figure 22 Analysis of DNA methylation level of Lhx2 targets 
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4.2.5 Bioinformatics analysis of gene expression programme 
regulated by the genome organizer and AT-rich binding 
Satb1 protein in different cell types 
AT-rich binding protein Satb1 controls establishing specific three-dimensional 
conformations in tissue-specific gene loci (Alvarez et al. 2000; Cai et al. 2003; 
Cai et al. 2006). Satb1 targets chromatin remodelling enzymes and 
transcription factors to specific genomic regions, establishes region-specific 
epigenomic modification status, and plays a fundamental role in the execution 
of tissue-specific gene expression programs (Cai et al. 2006). Satb1 is 
expressed in the basal and suprabasal epidermal keratinocytes and regulates 
conformation of the central domain of the Epidermal Differentiation Complex 
locus containing genes activated during terminal keratinocyte differentiation 
(Fessing et al. 2011). Ablation of Satb1 results in alterations of 3D-chromatin 
structure and elongation of this domain, accompanied by marked alterations 
of gene expression and epidermal morphology (Fessing et al. 2011). 
 
4.2.6 Analyses of the SATB1 target genes and their linear genomic 
distribution in keratinocytes 
To identify direct regulatory targets of Satb1, integrative analysis of global 
microarray profiles obtained from Satb1-null mice and genome-wide ChIP-on-
chip analyses of Satb1 were performed in the similar manner as for the Lhx2 
transcription factor (see chapter 4.2.2). 
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To identify genes regulated by Satb1 in keratinocytes, the raw Agilent 
microarrays profiles for Satb1 -/- and WT mice were background-corrected, 
normalized and annotated using R-Bioconductor packages. Differentially 
expressed genes were identified by applying 2-Fold cut-off to the ratios 
between normalized intensity profiles for gene expression data in the Satb1 -/- 
and WT mice. The analysis of microarray expression profiles revealed 6039 
genes whose expression was changed in E16.5 Satb1 -/- compared to WT 
mice (Figure 23A).  
Next, we identified genes, whose regulatory regions showed direct Satb1 
binding, by applying the analytical pipeline described in Bioconductor package 
Ringo to ChIP-on-chip binding profiles of Satb1 (Fessing et al. 2011). As the 
result of this analysis, 10757 peaks showing binding of anti-Satb1 antibody 
displayed significant differences to the controls (Input non-specific IgG; 
(Figure 23A). 
To identify genes, whose expression is changed in Satb1 -/- versus WT mice 
and that show Satb1 binding in ChIP-on-chip assay (“direct Satb1 targets”), 
microarray and ChIP-on-chip data were merged, and genes present in both 
datasets were selected (Figure 23A). As the results of these analyses, 2503 
genes found in both datasets were defined as direct Satb1 targets.   
Interestingly, among the Satb1 targets involved in the control of cell 
adhesion/extracellular matrix remodelling, metabolism, cytoskeleton, signalling 
and transcription, our analysis revealed that a significant number of Satb1 
target genes are grouped into large genomic loci (0.5 MB each), containing 
>20 functionally relevant genes per locus, and that such genomic also loci 
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include epidermis-specific loci (Figure 23B). In fact, analyses of 33 such 
genomic loci revealed significant preferential binding (p-value < 0.05) of Satb1 
and Satb1-dependent changes in gene expression in the keratinocyte-specific 
loci (EDC, keratin type I/II loci, and keratin-associated protein locus) located 
on mouse chromosomes 3, 11, 15, and 16, respectively (Figure 23B). 
Importantly, the expression data showed that Satb1 is expressed at high 
levels in the epidermal keratinocytes, while its expression is strongly 
decreased in the epidermal appendages (Figure 23C). Our analyses revealed 
that together with downregulation of the Satb1 levels in sweat gland placodes, 
a significant number of direct Satb1 targets were also downregulated in sweat 
gland placodes, thus suggesting that Satb1 regulatory network is switched off 
in sweat gland. 
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Figure 23 Genome-wide regulation by chromatin remodelling protein 
Satb1. 
(A) Venn diagram displaying comparison of the genes affected by Satb1 -/- 
and genes showing specificity for antibody against Satb1 in Chip-on-chip 
experiment. In Keratinocytes (B) Percentage of the genes in distinct genomic 
loci that show Satb1 binding and changes in expression in in Satb1 -/- mice 
versus WT controls. (C) Venn diagram showing comparison between Satb1 
positive targets in Keratinocytes and genes downregulated in Sweat Gland 
Placode versus WT Epidermis. 
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4.2.7 SATB1-regulated gene expression programs are cell type-
specific 
SATB1 is expressed in many cell types in normal tissues, as well as in breast 
cancer cells (Cai et al. 2003; Cai et al. 2006; Han et al. 2008). The genes 
regulated by SATB1 during epidermal differentiation are expected to differ 
from those involved in breast cancer metastasis, because of the marked 
differences in the biology if these cell types and their micro-environments. The 
analyses of SATB1-dependent gene expression programmes were performed 
to determine differences and similarities between mouse epidermal 
keratinocytes and human breast cancer cells (Kohwi-Shigematsu et al. 2012). 
The David functional annotation tool and in-house R script were used to 
analyse the gene ontology (GO) and functional enrichment for published 
expression profiles of the breast cancer cells and mouse primary 
keratinocytes (Han et al. 2008; Fessing et al. 2011). For each cell type, genes 
that show changes of at least 2-fold in their expression level between Satb1 -
/- and WT mice, were selected for further analysis. Genes were annotated to 
GO biological process terms using the David tool, and R scripts were then 
used to filter redundant ontologies by combining hierarchically related and 
highly overlapped functional categories and to assign enrichment probability 
for functional groups. The final sets include 13 functional categories for 
SATB1-dependent genes in the breast cancer cells and 12 categories for 
SATB1-dependent genes in the epidermis (Figure 24). 
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Results of these analyses showed that groups of genes regulated by SATB1 
in breast cancer cells were totally different from Satb1 target genes in the 
epidermis (Figure 24). In breast cancer cells, SATB1 regulated expression of 
the genes involved in the control of cell proliferation, vasculature 
development, and cell adhesion – all of which are highly relevant to breast 
cancer metastasis. Genes regulated by SATB1 in breast cancer cells were 
significantly enriched in the poor-prognosis signature for this tumour (Han et 
al. 2008).  
However, these genes were not on the list of genes regulated by SATB1 
during epidermal differentiation. During epidermis differentiation, genes 
regulated by SATB1 encoded factors involved primarily in the control of cell 
differentiation and organ development. Many of Satb1 targets were located in 
the keratin-specific loci (epidermis differentiation complex, keratin type I and II 
loci, and keratin-associated protein locus; Figure 24B); see also Chapter 
4.2.6). This integrative analysis revealed that SATB1 regulates specific 
groups of genes in different cell types, and that these genes are associated 
with the distinct activities of the cells. Therefore, the role of SATB1 appears to 
be to provide a proper three-dimensional structure to its specific genomic 
targets and appropriate assembly with transcriptional complexes, to mediate 
specific phenotypic changes in cells.  
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Figure 24 The limited overlap in genes targeted by SATB1 between 
breast cancer and epidermal cells indicate that SATB1 regulates distinct 
sets of genes depending on the cell type. 
Published gene expression profiles in breast cancer (A, red) and in epidermis 
(B, green) were used to identify SATB1-dependent genes, which were then 
grouped according to basic GO functional groups. The top most represented 
groups for each cell type are shown. Note the difference in functions of gene 
products that were highly represented for each cell type and the lack of 
common functions of SATB1-dependent genes products between cell types. 
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4. 2. 8 Summary 
1. Lhx2 transcription factor regulates hair follicle-specific gene expression 
programme in keratinocytes by targeting 621 genes and operates both as 
transcriptional activator and repressor. DNA methylation levels of the genes 
negatively regulated by Lhx2 in keratinocytes are significantly higher 
compared to the average methylation values of the keratinocyte genome. 
Lhx2 target genes are non-randomly distributed over the genome: about 20% 
gene loci, such as Epidermal Differentiation Complex (chromosome 3) or 
Keratin–associated protein locus (chromosome 16), as well as to smaller-size 
genomic loci containing functionally-related genes (e.g. Wnt Ligands, serpin 
protease inhibitors, distinct adhesion molecules). 
2. Genome organizer AT-rich binding Satb1 protein regulates expression of 
2503 genes in keratinocytes, which encode adhesion molecules, cell cycle 
regulators, components of the cytoskeleton, metabolic enzymes, signalling 
molecule and transcription factors. Significant number of Satb1 target genes 
are grouped into large genomic loci (>0.5 Mbp each), containing >20 
functionally relevant genes per locus, and among 33 such genomic loci 
significant preferential binding of Satb1 and Satb1-dependent changes in 
gene expression are seen in the keratinocyte-specific loci (EDC, keratin type 
I/II loci, and keratin-associated protein locus). However, Satb1 target genes 
are lineage-specific, and in breast cancer cells, Satb1 regulated a set of 
genes involved in the control of cell proliferation, vasculature development, 
and cell adhesion, which are highly relevant to breast cancer metastasis.     
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4.3 Bioinformatics analysis of the topological organization of 
the lineage-specific genes in epithelial stem cells of the 
hair follicle 
It is widely accepted now that lineage-specific gene expression programs are 
governed by signalling/ transcription factor-dependent and epigenetic 
mechanisms, and understanding how these two key regulatory machineries 
operate in concert to coordinate expression of lineage-specific genes is highly 
important for effective modulation of stem cell activity/fate and successful 
translation of these data into the clinical practice (Eskiw et al. 2010). 
In three-dimensional space, keratinocyte nucleus represents a highly 
compartmentalized organelle that consists of the nuclear membrane, 
individual chromosomes occupying the distinct territories, as well as of a 
number of nuclear bodies (nucleoli, Cajal bodies, promyelocytic leukaemia 
(PML) bodies, nuclear speckles, Polycomb bodies, etc.) located in the inter-
chromosomal compartments (reviewed in (Botchkarev et al. 2012).  
During terminal keratinocyte differentiation in the epidermis, transition of 
keratinocytes from basal epidermal layer to the granular layer is accompanied 
by marked differences in nuclear architecture and micro-environment 
including decrease in expression of the markers of transcriptionally-active 
chromatin, internalization and decrease in the number of nucleoli; and 
increase in the number of pericentromeric heterochromatic clusters (Gdula et 
al. 2013). Mathematical modelling revealed that these changes in nuclear 
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architecture are not a mere consequence of the geometrical changes in 
nuclear shape and size, but rather represents a result of active remodelling of 
the nuclear architecture associated with terminal keratinocyte differentiation 
(these data are summarized in the manuscript accepted for publication in J 
Invest Dermatol, 2013 (see proofs of the manuscript in the Appendix).  
Using the chromosome conformation capture technique (3C and its 
modifications 4C, 5C, High-C), based on the restriction of the cross-linked 
closely located chromatin domains followed by the ligation at high dilution, it 
was shown that actively transcribed genes from different chromosomes tend 
to form inter- and intra-chromosomal topologically associated domains or 
interactomes, which provide structural frameworks for cell-specific 
transcription controlled by lineage-specific transcription factors (Lieberman-
Aiden et al. 2009; Sanyal et al. 2011; Nora et al. 2012).  
Topological gene interactomes are very important for execution of lineage-
specific gene expression programs in normal differentiating cells, and key 
regulators of development, such as Shh or Nanog genes, show 
developmentally regulated looping outside of the corresponding chromosomal 
territories, possibly to reach a proper nuclear environment and/or coordinate 
their expressions with other genes. 
Lineage-specific genes in keratinocytes are organized into several distinct 
genomic loci (Epidermal Differentiation Complex or EDC locus, Keratin type I 
and II loci, keratin-associated protein locus). Loricrin gene is located in the 
central domain of the EDC locus on mouse chromosome 3 and, together with 
several dozens of other genes, is activated during terminal keratinocyte 
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differentiation (Martin et al. 2004). Keratin 5 gene is located in the Keratin type 
II locus on mouse chromosome 15 and is expressed at very high levels in 
basal epidermal keratinocytes, in the hair follicle outer root sheath and also in 
the bulge stem cells (Garza et al. 2011; Lien et al. 2011).   
In this chapter, we performed analyses of the topological interactomes of the 
Loricrin and Keratin 5 genes in the hair follicle bulge stem cells, which express 
several molecular markers including Lhx2, Sox9 and Cd34 (Tumbar et al. 
2004; Rhee et al. 2006) and contribute to regeneration of the hair follicle or 
epidermis during anagen stage of the hair cycle or wound healing, 
respectively (reviewed in (Blanpain and Fuchs 2009). 
4C data generated in our laboratory and obtained from Cd34+/α6-integrin 
stem cell population isolated from mouse skin using MoFlo-XDP cell sorter 
were correlated with global histone modification and DNA methylation profiles 
of Cd34+ hair follicle stem cells published previously (Ezhkova et al. 2011; 
Bock et al. 2012).  
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4.3.1 Analyses of the 4C topological interactome of the Keratin 5 
gene in the hair follicle bulge cells 
Keratin 5 gene is highly expressed in the bulge cells (Garza et al. 2011; Lien 
et al. 2011), while its expression is strongly downregulated in other cell types 
including thymocytes (Figure 25). To characterize local genomic 
neighbourhood of the Keratin 5 gene in epidermal cells, 4C technique was 
performed according to the recommendations published previously (Kohwi-
Shigematsu et al. 2012). 4C technology is based on the restriction of the 
cross-linked chromatin followed by ligation at high dilution and allows global 
identification of the genes located closely to the genomic region of interest 
(“one-to-all”) (Kohwi-Shigematsu et al. 2012). Because of the dramatic 
differences in the expression levels of Keratin 5 gene between keratinocytes 
or hair follicle bulge cells and thymocytes, the latter cell population was 
selected as a control for 4C experiments. 
Analysis of the 4C interactome of Keratin 5 gene revealed 190 genes 
localized in close proximity to the Keratin 5 gene in the hair follicle bulge stem 
cells and 53 genes in thymocytes, while only 7 genes were found to be 
common in both interactomes (Figure 26A). Genes that comprise Keratin 5 
gene interactome in the hair follicle stem cells were grouped into three 
categories: A) Genes localized within the 5Mb domain on chromosome 15 
containing the Keratin type II locus and showing highest frequency of 
associations with Krt5 (70 or 36.8% genes); B) Genes localized outside of the 
5Mb domain containing the Keratin type II locus on chromosome 15 (27 or 
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14.2% genes); C) Genes and sequences localized on other chromosomes (93 
or 48.9% genes) and showed close associations with Krt5 (Figure 26B). 
Among the genes localized within the 5Mb domain on chromosome 15 
containing the Keratin type II locus (Category A), keratin genes were most 
numerous (Table 9). Other genes that comprise the Krt5 interactome 
belonged to different functional groups and encoded different adhesion 
molecules (Cdh3, Cdh18, Itgb7), cytoskeleton components (Tuba1b, Myrip), 
metabolic enzymes (Car12, Gaa), signalling molecules/growth factor 
receptors (Il4, Ccl2, Lifr, Pdgfb, Mchr1, Vdr, Wnt1, Acvr1b), transcription 
factors (Sox13, Sp1, Atf7, Hoxc4), chromatin regulators (Jarid2, Hdac7) and 
microRNAs (miR3080, miR122a). Interestingly, chromosome 11 and 18 
showed significant enrichment of the genes that form the Krt5 interactome in 
hair follicle stem cells, while different chromosomes (5 and 12) show 
overrepresentation of the Krt5 interactome in thymocytes (Figure 26C). 
Next, we correlated 134 available expression profiles of the genes that 
comprise the Krt5 interactome and found that 56 genes (41.7%) showed 
elevated absolute expression level (more than 1000 a.u) and 31 of them 
showed enrichment for H3K4me3 histone modification, a characteristic 
feature of the active chromatin (Figure 26E) (Campos and Reinberg 2009). 
However, 78 genes (58.9%) showed only low expression levels in the bulge 
cells, and 18 of them were found to be enriched in peaks of H3K27me3 
histone mark, a feature of transcriptionally repressed chromatin (Figure 26E) 
(Campos and Reinberg 2009). In addition, we found 8 genes that show 
 Results 158 
presence of both H3K4me3 and H3K27me3 histone marks (bivalent genes) 
and majority of them showed low expression levels (Table 9),  
 
Figure 25 Comparison of the absolute expression level of Keratin 5 and 
Loricrin between Hair Follicle and Thymocytes 
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while only 1 of them was expressed on moderately/high levels (Table 9).  
Comparison of the DNA methylation profile (Bock et al. 2012) and expression 
levels of the genes that comprise the Krt5 interactome in the hair follicle stem 
cells revealed that majority of the genes showed low-methylated levels of the 
regulatory regions (80 genes) (Table 9). However, both highly/moderately 
expressed and low expressed genes showed substantial similarity in the DNA 
methylation level – both groups of genes were either low methylated or highly 
methylated, suggesting that even highly expressed genes might display high 
DNA methylation status and vice versa (Table 9). Interestingly, 20 genes 
found to be highly methylated including keratinocyte-specific genes Krt2, Krt8, 
Krt75, Krt76, Krt79, Krt80, and Krt84 (Table 9). 
In contrast to keratinocytes, Krt5 interactome showed marked differences in 
thymocytes and included 53 genes, only 11.3% of them belonged to 
chromosome 15, while the others were located at chromosomes 1 (1), 5 (18), 
6(3), 8 (1), 9 (1), 12 (8), 13 (5), 17 (5), 18 (2), X (1) and Y(2)(Table 10). In 
thymocytes, Krt5 interactome showed only 3 genes located in its immediate 
proximity in the Keratin type II locus (Krt2, Krt71, Krt82))(Table 10), which 
were also seen in the Krt5 interactome in the hair follicle stem cells. Among 
36 genes that were expressed in the Krt5 interactome, 33 genes showed low 
expression levels (below 1,000 a.u.), while other 3 were expressed at 
moderate levels (up to 27,000 a.u.) (Figure 26D). Interestingly, genes that 
constitute the Krt5 interactome in thymocytes and showed moderate 
expression levels were located both in-trans to Krt5, thus suggesting that 
despite the fact that Krt5 is not expressed in thymocytes, its interactome 
contains some actively transcribed genes (Table 11).  
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Figure 26 Keratin 5 4C Interactome 
 (A) Venn diagram showing comparison of Keratin 5 interactome in Hair 
Follicle Stem Cells and Thymocytes  (B) Allocation of Keratin 5 interactome to 
distinct genomic intervals (C) Analysis of the chromosomal representation of 
Keratin 5 trans interactome (p-value cut-off<0.01). The Negative Log p-value 
plot is shown (D) Fractions of the genes in Keratin 5 4C interactome 
expressed at low or moderate/high level (E-F) Correlation of epigenetic marks 
and Keratin 5  4C interactome in Keratinocytes.  
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4.3.2 Analyses of the 4C topological interactome of the Loricrin 
gene in the hair follicle bulge cells 
Loricrin gene is moderately expressed in the bulge cells (Garza et al. 2011; 
Ezhkova et al. 2011), while its expression is strongly downregulated in 
thymocytes. To characterize local genomic neighbourhood of the Loricrin 
gene in epidermal cells, 4C technique was performed, as described above 
(Kohwi-Shigematsu et al. 2012).  
Bioinformatics analyses revealed that 4C Loricrin interactome in the hair 
follicle stem cells include 77 genes, while in thymocytes Loricrin interactome 
comprises of 54 genes and only 7 genes were found to be common in both 
interactomes (Figure 27A). Genes that comprise Loricrin gene interactome in 
the hair follicle stem cells were grouped into three categories: A) Genes 
localized within the 5M domain on chromosome 3 containing the EDC locus 
and showing highest frequency of associations with Loricrin (15 or 19.5% 
genes); B) Genes localized outside of the 5Mb domain containing the EDC 
locus on chromosome 3 (11 or 14.3% genes); C) Genes and sequences 
localized on other chromosomes (51 or 66.2% genes) and showed close 
associations with Lor  (Figure 27B ). 
Among the genes localized within the 5M domains on chromosome 3 
containing the EDC locus (Category A genes), the cornified envelope genes 
were most numerous (Table 11). Other genes that comprise the Lor 
interactome belonged to different functional groups and encoded metabolic 
enzymes (Cyp2d26), signalling molecules/growth factor receptors (Ptpn18, 
Lgr6, Notch2, Rabl2, Atf1) and microRNAs (miR29b/c, miR107). Interestingly, 
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chromosome 1 and 14 showed significant enrichment of the genes that form 
the Lor interactome in hair follicle stem cells, while no such enrichment was 
seen in the Lor interactome in thymocytes (Figure 26C). 
Next, we correlated 43 available expression profiles of the genes that 
comprise the Lor interactome and found that 25 genes showed elevated 
(moderate/high) absolute expression level (more than 1000 a.u) (Figure 27D) 
and 13 of them showed enrichment for H3K4me3 histone modification, a 
characteristic feature of the active chromatin (Campos and Reinberg 2009) 
(Figure 27E).. However, 18 genes showed only low expression levels in bulge 
cells, and 5 of them were found to be enriched in peaks of H3K27me3 histone 
mark, a feature of transcriptionally repressed chromatin (Campos and 
Reinberg 2009) (Figure 27E). In addition, we found 3 genes that show 
presence of both H3K4me3 and H3K27me3 histone marks (bivalent genes) 
(Table 11).  
In addition, we correlated gene expression profiles of the genes that comprise 
4C interactome with the publicly available profiles for DNA methylation (Bock 
et al. 2012). Majority of the genes (17 of 32) for which methylation profile were 
available showed low methylation level (less than 0.1) (Figure 27F). 
Interestingly, promoters of some genes including the EDC genes were found 
to be highly methylated (more than 0.8). 
In contrast to keratinocytes, Lor interactome showed marked differences in 
thymocytes and included 51 gene, 30.7% of them belonged to chromosome 3, 
while the others were located at chromosomes 1 (1), 2 (2), 5 (2), 6(5), 7 (2), 8 
(1), 9 (4), 11 (3), 13 (1), 14 (4), 15 (1), 16 (3), 17 (1), 18 (2), and X (4). In 
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thymocytes (Table 12), Lor interactome showed only 2 genes located in its 
immediate proximity in the EDC locus (Lelp1, Flg2), which was also seen in 
the Lor interactome in hair follicle stem cells. Among 26 genes that were 
expressed in the Lor interactome, 21 genes showed low expression levels 
(below 1,000 a.u.), while other 5 were expressed at moderate levels (up to 
40,000 a.u.) (Figure 27D). Interestingly, genes that constitute the Lor 
interactome in thymocytes and showed moderate expression levels were 
located both in-cis and in-trans to Lor, thus suggesting that despite the fact 
that Lor is not expressed in thymocytes, its interactome contains some 
actively transcribed genes. However, expression levels of the genes that join 
Lor interactome in thymocytes and located on chromosome 3 at the 3’ flank of 
the EDC (S100a10, S100a11) or about 15Mb apart of the EDC (Pdcd10) was 
lower in thymocytes compared to keratinocytes (Table 12).  
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Figure 27 Loricrin 4C Interactome 
 (A) Venn diagram showing comparison of Loricrin interactome in Hair Follicle 
Stem Cells and Thymocytes   (B) Allocation of Loricrin interactome to distinct 
genomic intervals (C) Analysis of the chromosomal representation of Loricrin 
trans interactome (p-value cut-off<0.01).  The Negative Log p-value plot is 
shown. (D) Fractions of the genes in Loricrin 4C interactome expressed at low 
or moderate/high level (E-F) Correlation of epigenetic marks and Loricrin  4C 
interactome in Keratinocytes 
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4.4 Summary 
1. Topological 4C interactomes of the lineage-specific genes Loricrin and 
Keratin 5 in epithelial stem cells of the hair follicle show presence of the genes 
from the corresponding chromosomes (cis-interactions), as well as genes 
from other chromosomes (trans-interactions). Genes that form Loricrin and 
Keratin 5 interactomes in-trans show significant enrichments on 
chromosomes 1 and 11, respectively, suggesting that these chromosomes 
might be closely located to the chromosomes 3 and 15 in the nucleus. 
2. Sets of genes that comprise Loricrin and Keratin 5 interactomes in the 
bulge stem cells are distinct, and these genes belong to different functional 
groups and show differential expression levels (from low to moderate/high). 
Some of these genes are implicated in regulation of the lineage-specific 
programmes in keratinocytes and stem cell activity and encode the 
components of signalling pathways (Wnt, TGF-beta/activin, Notch), growth 
factor receptors (Lgr6) or microRNAs (miR-107).  
3. Expression levels of the genes that comprise Loricrin and Keratin 5 
interactomes in the bulge stem cells show better correlation with their histone 
modification status compared to the DNA methylation status: 
highly/moderately expressed genes more frequently show active H3K4me3 
histone marks, while low expressed genes predominantly show repressive 
histone H3K27me3 histone modifications. However, highly/moderately and 
low expressed genes with inverse combination of the active or repressive 
histone modifications, as well as bivalent genes with both active and 
repressive marks, are also present in the 4C interactomes. 
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4. Loricrin and Keratin 5 interactomes in thymocytes, where both genes are 
expressed at low levels, comprise of different genes and show only very little 
(4-6%) overlap with the list of genes present in the corresponding 
interactomes in the bulge stem cells. Majority of the genes forming the Loricrin 
and Keratin 5 interactomes in thymocytes are expressed at very low levels, 
suggesting that these interactomes are predominantly repressive. However, 
few genes with moderate/high expression levels are present in these 
interactomes both in-trans and in-cis to Loricrin or Krt5, thus suggesting that 
despite the fact that Loricrin or Krt5 are not expressed in thymocytes, their 
interactomes contains some actively transcribed genes. 
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5 Discussion	  	  
 
5.1 Changes in the global gene expression profiling during 
development of two principal types of epidermal 
appendages (hair follicles and sweat glands) and their 
correlations with data on linear genome organization 
Skin development results in a formation of the epidermis, a stratified self-
renewed epithelium, and number of appendages (hair follicles, nails, glands) 
that fulfil quite distinct functions (Chuong 1998). During skin appendage 
morphogenesis, the majority of the progenitor cells in outer ectoderm 
differentiate into hard keratinized cells that serve as essential components of 
the epidermis, hairs and nails, whereas some of them differentiating into 
epithelial cells of the ectodermal glands (mammary, sweat, sebaceous, etc.) 
and exhibit secretory phenotype (Widelitz et al. 2006; Dhouailly 2009). 
Because of the marked differences in gene expression programs activated in 
these two principal types of skin appendages (Rendl et al. 2005; Lu et al. 
2012), it is proposed that ectodermal progenitors are generally programmed 
to form hard keratinized differentiation products (hair shaft, nail), while their 
transition toward the glandular/secretory phenotype might require an inhibition 
of this basic program (Dhouailly 2009). 
Comparative analyses of the molecular signatures of early stages of the 
hair follicle and sweat gland development. Analysis of the global 
microarray data presented in Chapter 4.1 revealed that genetic programs 
underlying formation of the hair follicles and sweat glands are indeed 
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markedly different (Figure 10). Importantly, the differences in the genome re-
organization during formation of these two types of epidermal appendages 
occurs already at the placode stage, the earliest stage of the morphogenesis 
of these appendages available for molecular and computational analyses 
(Figure 10).  
The marked differences between two distinct types of epidermal placodes 
include the number of genes that are changed in the placodes and 
corresponding inter-placode epidermis (1223 in the hair follicle placode versus 
4212 in the sweat gland placode;). Furthermore, our analyses also 
demonstrate that sets of genes likely to be involved in the formation of the hair 
follicle and sweat gland placodes are very different and include genes 
recruited for establishment of the adhesion between the placode cells, 
invasion of the growing placode into the mesenchyme, re-organization of the 
cytoskeletal apparatus, establishment of the distinct patterns of signalling 
molecules, transcription factors and epigenetic regulators (Figure 11, 12).  
Remarkably, cells of the hair follicle placodes already show the onset of 
lineage-specific differentiation including upregulation of selected hair shaft- or 
hair matrix-specific keratin genes (Krt33a), whose expression show further 
increase in the hair matrix of fully developed hair follicles (Table 1). Similar 
changes are seen in the sweat gland placodes showed upregulation of 
Na+/K+ ATPase Atp1b1 and H+ ATPase Atp6v1a genes, whose expression is 
further increased in the epithelium of fully developed sweat glands (Table 1). 
However, both types of epidermal placodes show certain similarities in the 
molecular signatures, include changes in expression of distinct extracellular 
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matrix components, signalling and transcription regulators, which might be 
involved in execution of common placode-specific programmes, such as 
modulation of epithelial-mesenchymal interactions, cell proliferation and 
transcriptional repression in the placode cells. One of the common gene 
strongly upregulated in both hair follicle and sweat gland placodes and 
markedly downregulated in the fully developed appendages is Sp5 
transcription factor, which operates as transcriptional repressor inhibiting 
expression of the epidermal differentiation genes, such as Krt10 and 
Involucrin (Zhang et al. 2008). Most likely, Sp5 upregulation in both types of 
placodes is required for inhibition or substantial re-organization of the 
epidermal differentiation program associated with epidermal appendage 
development.   
Comparative analyses of the molecular signatures of the fully developed 
hair matrix keratinocytes and sweat gland epithelial cells. Epithelial cells 
of the fully developed hair follicles and sweat glands show further changes in 
their molecular signatures associated with establishment of the lineage-
specific transcription programmes and execution of their specific functions 
(Figure 15) In particular, hair matrix cells and sweat gland epithelial cells 
show upregulation of the distinct sets of genes that are involved in the control 
cell adhesion, migration, cytoskeletal organization, signalling/transcription and 
chromatin remodelling.  
One of the characteristic features of the hair matrix cells is upregulation of 
expression of the inner root sheath-specific keratin genes (Krt25, Krt27, Krt28, 
Krt71) and hair shaft-specific keratins (Krt75, Krt33a, Krt82, Krt31, Krt34, 
Krt33b), as well as of keratin-associated protein genes (Krtap16-2, Krtap16-4, 
Discussion  180 
Krtap16-5, Krtap16-7, Krtap16-8, etc.) (Table 1). These data are consistent 
with data published previously obtained by global expression profiling of 
FACS-sorted hair matrix keratinocytes (Rendl et al. 2005). 
In contrast to hair matrix cells, sweat gland epithelial cells show marked 
downregulation of the epidermal differentiation program that was initiated 
already at the placode stage, and, instead, show upregulation of the genes 
encoding microtubule-associated cytoskeleton components including dynein 
genes (Dnahc3, Dynll1, Dnali1), as well as of a number of metabolic enzymes 
involved in the ATP-dependent ion transport (Atp1b1, Atp6v1a, Fbp1). In 
general, these changes appear to be much more pronounced compared to 
the changes in gene expression in the developing hair follicle and suggest 
that transformation of epidermal progenitor cells into the secretory epithelial 
phenotype of sweat glands requires more complex genome re-organization, 
which is consistent with recently published data obtained from the FACS-
sorted luminal and myo-epithelial sweat gland cells (Lu et al. 2012). 
Dramatic differences in the expression of lineage-specific genes between hair 
matrix cells and sweat gland epithelial cells are likely to be mediated by very 
distinct sets of signaling molecules (Wnt10a, Wnt5a, Wif1, Fgf5, Map3k6, 
Bmp8a, Bambi, Smad7, Notch1, Nrarp, Jag, Igfbp5, Igfbp7, Igf1r, c-kit versus 
numerous olfactory receptors including Olfr906, Olfr971, Olfr978, Olfr1420, 
Olfr414, etc.) and transcription factors (Msx2, E2f2, JunB, Ovol1, Dlx2/4, 
Id1/2, Hoxc13, Gata3, Lef1 versus Cited4, Lhx4, Msx1, Runx3, Foxi2, Hes2, 
Lmx1b, Ikzf4, Sox15, Yy1) upregulated in the hair matrix or sweat gland 
epithelium, respectively (Table 1). 
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Correlation of the changes in global genes expression profiles with 
linear organization of the genome in the developing hair follicles and 
sweat glands. Analyses of linear genomic distribution of the genes that 
showed changes in expression during transition of epidermal progenitor cells 
towards sweat gland epithelial fate revealed that about 11% of the genes 
show clustering in the genome and coordinate changes in their expression 
patterns in the sweat gland placodes and fully developed epithelium. These 
genes are concentrated at the large genomic domains (about 1 MB length), in 
which gene expression is either up- or downregulated during sweat gland 
development in a coordinated manner (Figure 14)  
In contrast to sweat gland epithelium, only 1% of the genes showed similar 
clustering in the developing hair follicle (Figure 14). In both organs, majority 
of these domains contains genes that belong to different functional groups; 
however, some domains contain functionally relevant genes (Epidermal 
Differentiation Complex locus, keratin type I locus, keratin-associated protein 
locus, etc.). (Table 2-3). It was shown previously that stem cell transition 
towards hair follicle-specific differentiation is accompanied by changes in 
epigenetic status in a number of genes including a loss of H3K27me3 and 
appearance of H3K4me3 and H3K79me2 histone modifications in the 
chromatin of those genes (Lef1, Bmp4, Wnt5a, Msx1, etc.) that become 
active, whereas the chromatin of key stemness genes (Cd34, Sox9, Nfatc1) 
that become repressed in transient-amplifying cells showed loss of 
H3K4me3/H3K79me2 and appearance of H3K27me3 (Lien et al. 2011). 
Furthermore, in epidermal keratinocytes, specific three-dimensional 
organization and conformation of the central domain of the EDC locus 
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containing genes activated during terminal keratinocyte differentiation is 
required for proper control of their expression, and ablation of the genome 
organizer and higher-order chromatin remodeler Satb1 results in alterations of 
3D-chromatin structure and elongation of this domain, accompanied by 
marked alterations of gene expression and epidermal morphology (Fessing et 
al. 2011). 
These data suggest that coordinated patterns of gene expression in these 
large genomic domains are most likely regulated via recruitment of the 
different epigenetic mechanisms including higher-order chromatin remodeling. 
In support of this hypothesis, our data demonstrate that in addition to marked 
differences in the expression of signaling molecules/transcription regulators, 
the groups of genes encoding epigenetic regulators involved either in the 
formation of transcriptionally active or repressed chromatin displayed distinct 
expression patterns in the hair matrix and sweat gland epithelial cells (Table 
1).  
These genes encoded ATP-dependent chromatin remodelers (Chd3, 
Smarca2), Polycomb components (Pcgf2, Cbx8, Jarid2), histone deacetylases 
(Hdac4, Hdac5, Hdac10) and genome organizer Satb1. Most likely, some of 
these genes are involved in the control of changes of epigenetic status of the 
genes that comprise such large genomic domains and in regulation of 
coordinated changes in expression associated with development of these 
epidermal appendages and execution of their lineage-specific differentiation 
programmes.   
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5.2  Integration of the global gene expression profiling and 
ChIP-on-chip data and analyzes of the linear genomic 
distribution of the genes that serve as direct targets for 
Lhx2 transcription factor and epigenetic regulator Satb1 
protein in keratinocytes. 
Genetic programmes executed in keratinocytes during lineage-specific 
differentiation are regulated by coordinated involvement of a number of 
transcription factors and chromatin remodelers operating in concert to 
modulate higher-order and/or local chromatin structure to promote an access 
of the DNA regulatory regions for transcription machinery (Botchkarev et al. 
2012; Frye and Benitah 2012; Zhang et al. 2012). Transcription factors might 
directly interact with chromatin remodelers to target them to the specific 
genomic sites, while chromatin remodelling factors might, in turn, regulate 
expression of the distinct transcription factors via formation of the active or 
repressive local chromatin structure at their promoter regions (Botchkarev et 
al. 2012; Frye and Benitah 2012; Zhang et al. 2012).  
Lhx2 transcription factor is an important regulator controlling hair follicle 
development and is expressed in the hair follicle placodes, as well as in the 
bulge and hair germ of mouse telogen (resting) HFs (Rhee et al. 2006; 
Tornqvist et al. 2010). Lhx2 mediates switch between stem cell maintenance 
and activation in adult hair follicles, while Lhx2 and Lhx2 deficiency in mice 
leads to lack of about 40% of the hair follicles in back skin, as well as in 
incapability in maintaining a quiescent state in the bulge stem cells (Rhee et 
al. 2006) 
Discussion  184 
Analyses of the genetic program mediated by Lhx2 transcription factor 
revealed that Lhx2 regulates expression of 621 genes in keratinocytes and 
operates both as transcriptional activator and repressor, which is consistent 
with its functions described in other cell populations (Porter et al. 1997; Hirota 
and Mombaerts 2004; Tiede and Paus 2006; Dahl et al. 2008; Chou et al. 
2009; Yun et al. 2009). These genes belong to different functional groups 
(adhesion molecules, cell cycle regulators, cytoskeleton components, 
signaling molecules, etc.), and some of them constitute EDC locus located on 
mouse chromosome 3. 
Interestingly, DNA methylation levels of the genes negatively regulated by 
Lhx2 in keratinocytes are significantly higher compared to the average 
methylation values of the keratinocyte genome (Figure 22). It was shown 
previously that keratinocytes express DNA methyltransferases 1 and 3a 
(DNMT1, DNMT3a), and lack of DNTM1 in epidermal progenitor cells results 
in the severe defects in cell proliferation and loss of the tissue self-renewal 
capacity (Sen et al. 2010). It remains to be determined whether Lhx2 might 
interact with some of epigenetic regulators, including DNA methylating 
enzymes or histone deacetylases and target them to gene promoters, or other 
mechanisms are involved in Lhx2-mediated transcriptional repression.  
Our analyses demonstrate that Lhx2 target genes are non-randomly 
distributed over the genome: about 20% genes that serve as direct Lhx2 
targets a grouped into distinct genomic loci, such as EDC (chromosome 3) or 
Keratin–associated protein locus (chromosome 16), as well as to smaller-size 
loci containing functionally-related genes (e.g. Wnt Ligands, serpin protease 
inhibitors, distinct adhesion molecules). 
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Interestingly, changes in the expression levels of the Lhx2 target genes and 
neighbouring functionally-related non-Lhx2 target genes in such genomic loci 
were similar (Figure 21A), suggesting that common regulatory mechanisms 
might be employed in controlling the expression of these groups of genes.  
Analyses of the regulatory regions of the non-Lhx2 target genes grouped in 
the genome together with Lhx2 targets revealed significant enrichment of the 
binding sites for Sox9 and Tcf4 transcription factors, serving as direct Lhx2 
targets in keratinocytes (Mardaryev et al. 2011). Although additional ChIP-on-
chip or ChIP-seq experiments are required to further prove whether or not 
these non-Lhx2 target genes indeed serve as direct targets for Sox9 or Tcf3, 
these data suggest that positive regulatory loops between Lhx2 and 
Sox9/Tcf4 might provide a coordinated control of expression of functionally 
related genes in distinct genomic loci. Thus, Lhx2 might regulates gene 
expression in keratinocytes through targeting not only single genes, but also 
via regulating the expression of functionally related genes grouping in the 
distinct loci via regulatory networks with other transcription factors. 
Analyses of the genetic program regulated in keratinocytes by the genome 
organizer Satb1 identifies 2503 genes, which encode adhesion molecules, 
cell cycle regulators, and components of the cytoskeleton, metabolic 
enzymes, signalling molecule and transcription factors. Satb1 binds to AT-rich 
domains of the DNA and targets chromatin remodelling enzymes and 
transcription factors to specific genomic regions (Cai et al. 2006). In epidermal 
keratinocytes, Satb1 regulates conformation of the central domain of the EDC 
locus containing genes activated during terminal keratinocyte differentiation, 
Discussion  186 
and its ablation results in alterations of 3D-chromatin structure and elongation 
of this domain, accompanied by marked alterations of gene expression and 
epidermal morphology (Fessing et al. 2011). 
Consistent with data obtained on other cell types (Cai et al. 2003; Cai et al. 
2006), significant number of Satb1 target genes are grouped into large 
genomic loci (>0.5 MB each), containing >20 functionally relevant genes per 
locus, and among 33 such genomic loci significant preferential binding of 
Satb1 and Satb1-dependent changes in gene expression are seen in the 
keratinocyte-specific loci (EDC, keratin type I/II loci, and keratin-associated 
protein locus; Figure 23).  
Importantly, Satb1-regulated genetic programmes are lineage-specific, and in 
breast cancer cells, Satb1 regulated a very different set of genes, compared 
to the epidermal keratinocytes (Figure 24). Genes regulated by Satb1 in 
breast cancer cells are involved in the control of cell proliferation, vasculature 
development, cell adhesion, and are highly relevant to breast cancer 
metastasis (Han et al., 2008).  
However, additional investigations are required to identify mechanisms that 
underlie differential targeting of Satb1 to distinct sets of genes in different cell 
types, as well as to define whether or not Satb1 is also involved in organizing 
specific three-dimensional conformation of different gene loci in cancer cells.    
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5.3 Bioinformatics analysis of the 4C-based three-
dimensional organization of the lineage-specific genes in 
epithelial stem cells of the hair follicles and correlation of 
these data with data on global expression profiling and 
epigenetic status of the genes that form topological 
associations in the nucleus. 
By using chromosome conformation capture technique (3C and its 
modification 4C) based on the restriction of the cross-linked closely located 
chromatin domains followed by ligation at high dilution, it was shown that 
genes from different chromosomes tend to form inter- and/or intra-
chromosomal topologically associated domains or interactomes (Lieberman-
Aiden et al. 2009; Sanyal et al. 2011; Nora et al. 2012) (Figure 26A). Such 
gene interactomes are very important for establishing a proper balance of 
gene expression in normal differentiating cells and are markedly altered by 
overexpression of oncogenic transcription factors (Schoenfelder et al. 2010; 
Schoenfelder et al. 2010; Rickman et al. 2012). In addition, transcription start 
sites of active genes closely located in the nucleus and forming topologically 
associated domains also serve as sites for chromosomal translocations in 
cancers (Chiarle et al. 2011).  
Computational analyses of topological 4C interactomes of the lineage-specific 
genes Loricrin and Keratin 5 in epithelial stem cells of the hair follicle reveal 
presence of the genes from the corresponding chromosomes 3 and 15 (cis-
interactions), as well as genes from other chromosomes (trans-interactions). 
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Sets of genes that comprise Loricrin and Keratin 5 interactomes in the bulge 
stem cells are distinct; these genes belong to different functional groups and 
show differential expression levels (from low to moderate/high).  Some of the 
genes that form 4C interactomes of Loricrin and Keratin 5 are implicated in 
regulation of the lineage-specific programmes in keratinocytes and stem cell 
activity and encode the components of signalling pathways (Wnt, TGF-
beta/activin, Notch), growth factor receptors (Lgr6) or microRNAs (miR-107) 
(Blanpain and Fuchs, 2009).    
Interestingly, about half of the genes that form Loricrin or Keratin 5 
interactomes showed only low expression levels (Figure 26E, 27E), 
suggesting that these genes are actually repressed. Correlation of the 
expression levels of the genes that comprise Loricrin and Keratin 5 
interactomes in the bulge stem cells with their histone modification status 
show that highly/moderately expressed genes more frequently display active 
H3K4me3 histone marks, while low expressed genes are enriched by 
repressive H3K27me3 histone modifications. These data are consistent with 
data published previously demonstrating that in adult skin epithelial stem 
cells, actively transcribed genes that maintain stemness show both H3K4me3 
and H3K79me2 histone marks, while repressed non-epidermal genes and 
genes activated during cell differentiation are enriched by H3K27me3 (Lien et 
al. 2011). However, highly/moderately and low expressed genes with inverse 
combination of the active or repressive histone modifications, as well as 
bivalent genes with both active and repressive marks, are also present in the 
4C interactomes (Figure 26F, 27F,Table 9-12). 
Discussion  189 
Importantly, Loricrin and Keratin 5 interactomes in epithelial stem cells were 
markedly different compared to the same interactomes thymocytes, where 
both genes are expressed at low levels (Figure 26A, 27A). These 
interactomes in thymocytes comprise of very different genes compared to the 
bulge epithelial stem cells and show only very little (4-6%) overlap with the list 
of genes present in the latter (Figure 26A, 27A). Majority of the genes 
forming the Loricrin and Keratin 5 interactomes in thymocytes are expressed 
at very low levels, suggesting that these interactomes are predominantly 
repressive (Figure 26E, 27E). However, few genes with moderate/high 
expression levels are present in these interactomes both in-trans and in-cis to 
Loricrin or Krt5, thus suggesting that despite the fact that Loricrin or Krt5 are 
not expressed in thymocytes, their interactomes contains some actively 
transcribed genes. 
However, a functional significance of the 4C-based topological interactomes 
of lineage-specific genes in keratinocytes remains to be defined. Since large 
number of genes that form such interactomes are expressed at very low 
levels and show enrichment of the repressive histone modification marks, it is 
clear that such interactomes function not only as a hubs where genes with 
high expression levels are concentrated, but also where genes are silenced. 
Clearly, additional efforts are required to fully understand the significance of 
topological interactomes for regulation of gene expression in the keratinocyte 
nucleus, as well as mechanisms underlying their formation. Success in 
addressing these problems will advance our understanding of the complexity 
of regulatory mechanisms that control skin development and will help in 
designing new approaches on how to modulate differentiation process in stem 
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cells in clinical conditions accompanied by their un-controlled 
activation/expansion (cancer, autoimmune disorders) or exhausting/loss (poor 
skin regeneration, hair loss).
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6 Conclusions	  and	  Future	  Directions	  
 
Complex bioinformatics approaches to integrate data of the global gene 
expression profiling with data on the linear and three-dimensional genome 
organization obtained from the distinct skin cell lineages during different 
stages of development or post-natal differentiation allowed us to draw the 
following conclusions: 
1. Genetic programmes underlying formation of the distinct types of epidermal 
appendages (hair follicles and sweat glands) are markedly different. The 
differences in the molecular signatures between two types of epidermal 
appendages associated with establishment of the lineage-specific 
transcription programmes and execution of their specific functions become 
already visible at the early (placode) stages of development, and become 
even more prominent in fully developed hair follicles and sweat glands. Sweat 
gland epithelial cells show more dramatic reorganization of the epidermal 
differentiation programme, compared the hair follicles.  
Correlation of the changes in global gene expression profiles with linear 
genomic distribution analysis reveal coordinate changes in expression in 
about 1 or 11% of the genes that show clustering in the genome and comprise 
the molecular signatures of the developing hair follicle or sweat glands, 
respectively. These genes are concentrated at the large genomic domains 
(about 1 Mb length), in which gene expression is either up- or downregulated 
during development in a coordinated manner. Majority of these domains 
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contains genes that belong to different functional groups, while some domains 
contain functionally relevant genes (Epidermal Differentiation Complex locus, 
keratin type I locus, keratin-associated protein locus, etc.).  
2. Comparative analyses of the genetic programmes regulated in 
keratinocytes by Lhx2 transcription factor and genome organizer and 
chromatin remodeler Satb1 reveal that both proteins operate as transcriptional 
activators and repressors, while their targets are non-randomly distributed 
over the genome. Significant number of the Lhx2 and Satb1 target genes is 
clustered in the genome, however, those Lhx2 targets predominantly form 
smaller-size genomic loci containing functionally-related genes (e.g. Wnt 
Ligands, serpin protease inhibitors, distinct adhesion molecules), while Satb1 
target genes are grouped into large genomic loci (>0.5 Mbp each), containing 
>20 functionally relevant genes per locus. Furthermore, Satb1 target genes 
are lineage-specific, and in breast cancer cells, Satb1 regulated a set of 
genes involved in the control of cell proliferation, vasculature development, 
and cell adhesion, which are highly relevant to breast cancer metastasis.   
3. Actively transcribed keratinocyte-specific genes Loricrin and Keratin 5 form 
distinct topological 4C interactomes in epithelial stem cells of the hair follicle, 
which show presence of the genes from the corresponding chromosomes 
(cis-interactions), as well as genes from other chromosomes (trans-
interactions). Some of the genes that comprise both interactomes are 
implicated in regulation of the lineage-specific programmes in keratinocytes 
and stem cell activity and encode the components of signalling pathways 
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(Wnt, TGF-beta/activin, Notch), growth factor receptors (Lgr6) or microRNAs. 
Expression levels of the genes that comprise Loricrin and Keratin 5 
interactomes in the bulge stem cells show correlation with their histone 
modification status: highly/moderately expressed genes more frequently show 
active H3K4me3 histone marks, while low expressed genes predominantly 
show repressive histone H3K27me3 histone modifications.  
In contrast to keratinocytes, Loricrin and Keratin 5 interactomes in 
thymocytes, where both genes are expressed at low levels, comprise of 
different genes and show only very little (4-6%) overlap with the list of genes 
present in the corresponding interactomes in the bulge stem cells. Majority of 
the genes forming the Loricrin and Keratin 5 interactomes in thymocytes are 
expressed at very low levels, suggesting that these interactomes are 
predominantly repressive. However, few genes with moderate/high 
expression levels are present in these interactomes both in-trans and in-cis to 
Loricrin or Krt5, thus suggesting that despite the fact that Loricrin or Krt5 are 
not expressed in thymocytes, their interactomes contains some actively 
transcribed genes. 
4 Bioinformatics analyses performed in this study demonstrate that execution 
of the genetic programmes underlying lineage-specific differentiation in 
keratinocytes required high degree of coordination between the transcription 
factor-mediated and epigenetic regulatory mechanisms. Coordinated patterns 
of gene expression in distinct cell lineages include regulation of the groups of 
genes clustered in the genome into domains of different size. Gene 
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expression in such domains is most likely regulated via recruitment of the 
chromatin signalling factors that operate in concert with transcription factors 
and modulate local or higher-order chromatin structure to achieve a proper 
balance of gene activation or silencing in differentiating cells.  
Based on these conclusions, we propose the following directions in the future 
research in this area:  
1) We need to further understand mechanisms underlying the cross talk 
between distinct signalling pathways that control keratinocyte proliferation/ 
differentiation/migration and epigenetic regulatory mechanisms. In particular, 
mechanisms that control protein-protein interactions and specificity of the 
distinct classes of epigenetic regulators in targeting different genes/gene loci 
in the genome of keratinocytes remain unclear;  
2) Integrative analysis of the interactions between the non-coding and 
microRNAs with transcription factors and epigenetic regulators in modulating 
gene expression programs need to be performed;    
3) Interactions between distinct classes of epigenetic regulators in the control 
of local and higher-order chromatin structure in epithelial stem cells during 
their differentiation into distinct skin cell lineages need to be carefully studied;       
4) Complex computational analysis of the transcription factor-mediated and 
epigenetic regulatory mechanisms in the pathological skin conditions 
associated with alterations of keratinocyte differentiation, their expansion or 
loss, as well as during DNA damage response need to be performed. 
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Hopefully, future research in this direction will provide an important 
background for the development and potential applications of the small 
molecules that target distinct signalling pathways, transcription factors and/or 
epigenetic modulators for treatment of skin disorders and protection of the 
skin against aging and age-associated disorders. 
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Symbol HFP*vs*Epidermis SGP*vs*FP*Epidermis HFM*vs*HFP SGA*vs*SGP
Cdh11 %1.47 %3.57 %2.44 1.9
Cldn1 %1.59 %2.44 1.14 2.9
Cldn12 %1.41 2.11 %1.61 %1.01
Cldn16 26.27 %1.22 %4 1.02
Cldn17 1.26 %1.22 %1.35 3.16
Cldn3 %1.02 %1.72 1.16 2.07
Cldn8 1.47 %1.18 4.44 %1.05
Col13a1 1.42 %1.89 1.22 1.5
Col14a1 2.53 %25 %2.33 1.01
Col17a1 %1.96 %2.86 %2.63 %11.11
Col23a1 1.12 %1.92 %1.56 1.66
Col4a6 1.28 %2.27 %2.56 %3.57
Col7a1 %1.37 %2.38 %33.33 %25
Col8a2 1.4 %1.96 %1.82 %1.89
Dcn 1.75 %1.82 1.07 %1.92
Dsc1 %2 1.08 %1.12 1.1
Dsp %1.23 %3.23 %1.2 %1.41
Epcam 2.41 1.05 %1.92 3.01
Gja4 1.16 %2.08 1.1 %1.16
Gja8 1.25 %1.79 %1.27 %1.2
Gjb2 1.06 %4.17 3.55 %20
Gjb6 1.65 %3.33 1.73 %1.2
Gjc1 1.18 %1.72 %2.78 1.04
Gjd2 2.21 %1.23 %2.63 1.03
Gjd4 %2.63 %1.06 %1.56 1
Gpc3 %1.25 %25 %7.14 %14.29
Gpc4 1 %1.79 %1.64 %1.85
Itga10 2.06 %1.22 %1.64 1.01
Itga11 %1.02 %2.5 1.72 %4.55
Itga9 %1.19 4.33 1.1 %7.14
Itgam 2.73 %1.7 %3.23 1.01
Itgb2 %1.1 %3.03 %1.2 1.23
Itgb3 %1.06 %2.86 2.01 %2.5
Itgb4 %1.27 %2.33 %1.33 %5.56
Itgb5 1.16 %1.37 1.01 %1.75
Lamc2 1.73 %5 %14.29 %7.69
Matn1 %4.76 %1.27 %1.82 2.03
Pcdh18 %1.22 %1.96 %1.75 %4.76
Pcdhb15 1.08 2.3 %1.64 %1.22
Pkp3 %1.47 %4.55 1.8 %1.09
Tjp2 %1.15 %1.72 %1.79 1.9
Table 1. Expression changes of selected 
functional signature genes during hair follicle 
and sweat gland development 
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Symbol HFP*vs*Epidermis SGP*vs*FP*Epidermis HFM*vs*HFP SGA*vs*SGP
Ccng1 1.07 2.85 ,1.2 1.03
Ccng2 1.06 3.13 ,2.63 1.31
Ccnj 1.24 2.15 2 ,1.43
Ccny ,1.02 1.9 ,1.08 1.01
Cdc25a 1.03 ,20 2.41 1.27
Cdca7 1.05 1.72 ,1.18 1.02
Cdk1 ,1.41 1.74 ,1.35 ,1.22
Cdk11b 1.34 ,4.76 ,1.96 1.16
Cdk4 ,1.05 1.7 ,1.14 1.2
Cdk5r2 ,1.11 ,1.59 1.78 3.23
Cdk9 ,1.01 ,2.04 1.7 ,1.56
Cdkl4 1.86 ,1.19 ,1.85 ,1.01
Cdkl5 2.02 ,2.7 1.36 2.52
Cdkn1a ,1.22 ,1.15 2.19 ,1.18
Cdkn2a 2.25 ,8.33 ,1.72 5.08
Cdkn2b ,1.52 1.74 2.41 1.05
Dapl1 ,2.22 ,100 15.43 1.01
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Symbol HFP*vs*Epidermis SGP*vs*FP*Epidermis HFM*vs*HFP SGA*vs*SGP
Dnahc3 1.29 +2.56 +1.56 24.41
Dnali1 1.23 1.42 +1.19 2.12
Dynll1 1.04 +1.56 +1.52 2.23
Flg 1.89 +100 +50 1.01
Hrnr 1.61 +10 +8.33 +1.03
Krt1 +1.37 +7.69 +100 +100
Krt14 +2 +2.44 +5 +100
Krt15 +1.02 +8.33 +8.33 +10
Krt16 1.09 +2.7 1.4 +1.43
Krt17 3.16 +2.86 +2.94 +3.45
Krt23 3.31 +5 3.28 +14.29
Krt25 +1.32 +1.18 63.31 1.03
Krt27 1.17 +1.23 61.51 +1.01
Krt28 1.01 1.07 102.54 1.32
Krt31 1.37 +1.2 2.8 +1.01
Krt33a 4.2 +50 12.2 1.05
Krt33b +1.09 +4.55 1.98 2.4
Krt34 1.37 +50 1.99 +4.35
Krt35 1.03 +7.14 61.43 +2.7
Krt5 +1.43 1.18 +1.64 +50
Krt71 +1.05 +1.2 234.69 +1.04
Krt75 1.15 +1.39 13.11 +2
Krt78 1.39 +3.45 +7.69 +1.39
Krt79 9.1 +1.67 +10 1.35
Krt80 1.77 +33.33 +6.67 1.1
Krt82 1.03 +1.2 2.94 1.02
Krtap16+2 1.18 +4 24.37 +3.23
Krtap16+4 1.19 +1.19 7.07 1
Krtap16+5 1.07 +1.72 26.94 1.01
Krtap16+7 +1.05 +2.17 16.4 1.23
Krtap16+8 +1.04 +100 12.09 +2.04
Krtap3+1 +1.11 +50 8.95 1.03
Krtap3+2 +3.03 +2.78 6.55 2.73
Krtap31+1 +1.11 +4.55 1.18 1.35
Krtap4+16 1.13 +33.33 2.52 2.01
Krtap4+7 +1.01 +25 11.02 +1.92
Krtap6+1 +1.01 +4.76 26.26 +1.11
Krtap6+3 +1.08 +7.14 9.06 +1.06
Krtap9+3 1.12 +3.23 6.38 +1.18
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Lce1a1 3.08 *6.25 *10 *8.33
Lce1b 1.59 *2.33 *3.45 *100
Lce1c 1.63 *2.78 *16.67 *100
Lce1d 6.87 *6.67 *33.33 *100
Lce1e 1.93 *20 *12.5 *50
Lce1g 1.68 *2.17 *4.35 *9.09
Lce1h 2.88 *11.11 *14.29 *1.92
Lce1i 3.38 *2.86 *50 *100
Lce1j 1.84 *1.79 *3.23 *1.15
Lor 1.22 *1.06 *16.67 *33.33
Myh11 *1.16 2.4 *1.04 1.03
Myh3 4.23 5.63 *8.33 *5.26
Myl1 3.16 1.11 *5.56 *1.06
Myl3 1.61 1.86 *1.22 *1.06
Myl7 1.21 *33.33 *3.03 *2.44
Myo1g 1.01 3.37 *1.35 1.28
Myo7a 1.04 1.15 *2.78 1.11
Sprr1a *1.08 *2.56 1.75 *4.35
Sprr1b 1.01 *100 *1.25 1.4
Sprr2d 1.39 *25 *1.49 1.01
Sprr2g *1.01 *2.44 1.31 5.75
Tnni2 1.85 *1.14 *4.17 1.03
Tubb3 *1.04 2.74 1.48 1.55
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Symbol HFP*vs*Epidermis SGP*vs*FP*Epidermis HFM*vs*HFP SGA*vs*SGP
Acer1 &1.89 &100 1.09 &1.05
Adh1 &2.5 &16.67 &4.17 1.36
Aldh6a1 &1.72 2.51 &1.75 &1.1
Alox12e 3.47 &100 1.66 &1.02
Apoc1 &1.45 &4.17 4.45 &20
Apoe &1.59 &2.04 3.8 &16.67
Aqp3 &2.94 &25 &1.75 &16.67
Car13 &1.67 &7.69 &2.7 &2.7
Csgalnact1 3.16 1.37 1.15 1.03
Cyp4b1 &2.38 &4.17 &3.7 &1.72
Dct 1.57 &1.61 7.59 1.29
Fbp1 1.13 1.19 5.54 59.94
Has3 5.38 &1.28 &2.08 &1.02
Mlana 2.22 &1.82 20.46 &3.23
Nat8l &1.61 &100 1.26 &1.02
Pfas &1.03 &1.3 3.79 4.51
Pfkfb1 1.09 &2 1.24 10.81
Plbd1 &1.18 &100 2.36 &1.59
Prkag3 &100 1.24 &1.64 1
Ptdss1 1.18 4.26 &1.19 1.85
Slc25a23 1.17 2.79 &1.1 3.26
Slc35f5 &1.43 &2 &2.94 &2.27
Sulf1 &1.35 &50 &1.15 &1.15
Tyrp1 1.88 &1.23 29.1 &1.02
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Symbol HFP*vs*Epidermis SGP*vs*FP*Epidermis HFM*vs*HFP SGA*vs*SGP
Cbx1 %1.03 %1.89 1.43 %1.16
Cbx2 1.21 %7.14 1.24 1.14
Cbx3 %1.18 %2.78 1.22 1.06
Cbx7 1.32 %10 1.24 1.04
Cbx8 %1.08 %1.49 2.27 %1.64
Chd1 1.04 %2.17 %1.06 %1.05
Chd3 1.05 %2.33 %2.44 %2.27
Hdac10 %1.22 %1.85 1.87 %1.23
Hdac4 %1.67 %3.12 1.04 %4.17
Hdac5 1.16 %1.7 1.24 %1.75
Hdac8 1.1 1.96 %1.25 1.21
Jarid2 1.11 %1.04 1.44 %4.76
Jhdm1d %1.12 1.82 1.1 %1.32
Lmnb2 1.05 %4.35 1.18 %2.08
Pcgf2 %1.56 %2.38 %1.19 1.78
Satb1 %1.41 %25 %7.14 1.09
Sin3a 1.01 %5.88 1.16 2.3
Smarca1 %1.09 %1.82 1.62 1.01
Smarca2 %1.02 %1.89 %1.61 2.49
Smarca4 %1.02 %1.85 1.56 %2.33
Smarcad1 %1.3 %3.12 %1.41 1.17
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Symbol HFP*vs*Epidermis SGP*vs*FP*Epidermis HFM*vs*HFP SGA*vs*SGP
Adam17 1.07 )7.69 1.08 1
Adam9 1.1 2.42 )1.27 1.4
Cpe )1.64 1.92 )1.32 1.31
Cpm 1.62 1.03 3.68 1.12
Csta )1.28 )2.38 )5.88 )50
Ctsc )1.72 )16.67 2.34 1.02
Ctsh )1.05 )5 1.01 )3.12
Ctss )1.89 1.88 )1.72 1.08
Klk7 2.13 )2.44 )1.32 1.08
Klk8 )1.19 )50 )2.5 1.28
Mcpt4 2.92 )1.22 )1.09 1.02
Mmp16 1.49 1.99 )1.49 )1.43
Mmp3 1.14 2.72 )1.72 1.1
Serpinb12 )1.45 )3.12 )2.38 )1.2
Serpinb13 )1.01 )1.33 3.03 1.62
Serpinb1b 1.8 1.38 )2.17 1.03
Serpinb3b )1.75 )100 )6.67 1.02
Serpinb5 1.76 )33.33 )1.09 )100
Serpinb9d )3.45 )1.23 )1.16 )1.02
Serpinb9g 1.88 1.45 )1.85 )1.02
Stfa1 )1.25 )50 )33.33 )100
Stfa2l1 )1.89 )10 )7.69 )1.04
Stfa3 2.09 )50 )50 )100
Timp3 1.13 1.77 3.07 1.27
Tmprss4 )2 )33.33 )10 1
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Symbol HFP*vs*Epidermis SGP*vs*FP*Epidermis HFM*vs*HFP SGA*vs*SGP
Bambi 1.53 *2.17 2.99 1.45
Bdnf *1.16 1.7 *1.85 1.13
Bmp2 1.34 *1.22 *1.79 1.01
Bmp7 1.63 *3.57 *1.06 *50
Bmp8a 1.15 *6.25 4.86 *1.61
Bmp8b 2.06 2.4 *2.38 *1.41
Bmpr1a *2.44 1.11 *1.22 *1.09
Bmpr2 *1.03 *2.44 1.46 *2.56
Ccl2 *1.06 1.81 1.22 1.27
Ccl24 *1.3 1.89 *1.79 1.22
Ccl8 *1.08 2.11 1.31 1.22
Ccr6 *1.06 1.7 1.1 1.1
Chrna10 1.03 1.78 5.71 *1.28
Chrnb1 1.08 7.22 1.03 *2.04
Cxcl14 *1.41 *3.85 *1.23 *100
Dkk2 *25 *1.7 *1.82 1
Dkk3 1.07 2.96 1.13 *1.7
Ecel1 *1.05 3.83 1.48 *1.05
Fgf10 1.14 *1.56 *1.85 *1.16
Fgf20 1.86 *1.19 *1.96 *1.08
Fgf21 *1.32 1.97 *1.32 1.09
Fgf5 *3.03 1.08 14.11 *1.28
Fgf8 *1.01 2.29 *1.18 *1.22
Fzd1 1.12 *11.11 6.6 1.88
Fzd7 *1.22 2 1.04 *1.06
Fzd9 1.24 2.39 *1.37 *2.86
Gdf15 1.17 *1.16 *2.7 *1.33
Hgf 3.74 *1.02 *2.38 *1.28
Igf1r *1.09 *50 2.28 1.23
Igf2 *2.94 *12.5 *4.35 *1.11
Igfbp5 *1.54 *25 2.17 1.04
Igfbp7 *1.43 1.17 4.03 1.09
Il10rb 1.17 2.35 1.05 *1.06
Il15 1.48 1.88 *2.78 *1.2
Il17rc *1.39 *2.27 *1.49 *1.33
Il20rb *1.04 *5.56 *1.49 *1.27
Il27 1.01 2.49 1.14 *1.23
Il28ra 1.06 *3.57 1.75 *2.27
Il6 *1.27 *1.33 *1.7 1
Jag1 *1.12 *1.14 1.8 1.29
Jag2 *1.14 *6.67 1.5 *11.11
Kit *1.23 *1.18 1.71 1.1
Ltb 1.18 1.87 *1.01 *1.04
Map3k6 *1.7 *100 3.45 1.04
Map4k2 *1.01 2.29 *1.11 1.23
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Ngf $1.61 $9.09 $3.23 1.38
Ngfr 1.02 3.24 1.2 $2.94
Notch1 1.41 $50 4.6 1
Npy1r 1.09 2.46 1.32 1.02
Nrarp $1.01 $1.61 2.09 $1.14
Nts $1.02 2.25 $1.35 $1.33
Olfr1221 $1.79 3.1 14.5 $1.43
Olfr123 $1.11 $9.09 1.85 $1.1
Olfr1295 $1.22 $7.69 10.89 4.74
Olfr1350 $1.06 6.57 1.47 2.8
Olfr1420 1.25 $4.17 1.46 5.96
Olfr1499 1.15 4.34 1.31 1.32
Olfr414 $1.03 $3.33 1.68 5.75
Olfr570 $1.18 4.95 1.79 2.94
Olfr906 $1.05 $2.08 1.6 11.8
Olfr971 $1.56 $1.11 12.14 9.19
Olfr978 $1.02 3.19 1.32 6.05
Pdap1 1.09 $1.82 3.06 $2.04
Pde6c 1 $2.44 1.36 2.81
Pde7a $1.02 $4.76 $1.52 1.12
Pdgfa 2.47 $5.88 $11.11 $1.45
Pdgfb $1.35 1.46 $1.75 1.04
Pdgfc $1.09 1.22 $2.94 1.06
Ptch1 1.89 2.42 $2.44 1.01
Ptch2 2.37 $1.3 $1.01 $4.35
Shh 7.38 1.36 $2 $1.45
Smad7 2.13 1.16 2.47 $1.01
Sostdc1 3.36 $12.5 $14.29 $12.5
Sstr2 $1.22 3.82 1.39 $1.03
Tgfb1 2.21 1.11 $2.13 1.1
Tgfb1i1 1.09 $1.79 $1.03 1.11
Tgfb2 6.36 $2.27 $2.86 $1.52
Tgfb3 2.78 1.32 $3.7 $1.2
Tgfbi $2.44 $3.7 $11.11 $1.01
Trpc4 1.09 2.58 $1.01 $3.03
Wif1 $1.72 $1.3 3.31 $14.29
Wnt10a $1.59 $8.33 3.19 $14.29
Wnt16 1.56 $2.22 $1.89 $2.27
Wnt3 $1.54 $50 $1.89 1
Wnt5a 1.3 $2 2.54 $2.38
Wnt6 1.12 $3.33 $1.49 $100
Wnt9b 1.04 $2.33 1.64 $2.27
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Transcription Regulators 
 
 
Symbol HFP*vs*Epidermis SGP*vs*FP*Epidermis HFM*vs*HFP SGA*vs*SGP
Cited4 '1.08 '14.29 13 13.11
Dlx2 '1.67 '1.1 8 '1.11
Dlx4 '1.12 1.15 3.6 '1.12
E2f1 '1.01 '12.5 '1.05 1.01
E2f2 '1.19 '3.23 9.33 '10
Egr2 2.44 3.99 11.18 '1.23
Foxa1 '1.61 3.85 '1.32 '1.67
Foxc2 1.28 4.45 '2.33 '1.03
Foxe3 '1.18 1.93 1.05 '1.12
Foxg1 1.38 3.82 '1.37 1.01
Foxi2 1.02 '1.96 1.27 4.43
Foxn3 '1.22 '33.33 2.03 '3.85
Gata3 '1.54 '20 1.91 1.04
Hes2 '1.01 '1.02 1.92 3.84
Hoxa2 1.03 2.5 '4.55 '1.02
Hoxc12 6.64 '3.45 '2.86 '2.56
Id1 1.13 '1.67 3.02 1.4
Id2 1.36 1.94 3.36 1.04
Ikzf4 1.11 '1.75 3.04 3.18
Irx1 '3.12 '1.49 '1.82 '2.08
Irx4 '1.03 '7.14 '1.7 '5.26
Junb '1.04 1.18 4.58 1.13
Klf4 '1.7 '5.88 '2 '3.23
Klf5 '1.75 '7.69 '1.45 '6.25
Lhx2 10.12 '14.29 '1.89 '1.45
Lhx3 '1.12 1.98 1.11 1.04
Lhx4 1.11 '1.12 '1.11 10.41
Lmo1 '1.12 '33.33 '11.11 '2.78
Lmx1b 1.31 '2.27 '1.09 3.51
Mef2c '1.54 1.66 '2.56 '33.33
Meis2 '1.47 '2.08 '2.13 '1.85
Msx1 '1.04 2.45 1.68 4.75
Msx2 2.03 '1.2 12.92 1.05
Nfe2l3 2.39 4.38 1.22 '1.75
Ovol1 '1.09 '3.57 4.42 '3.03
Pou2af1 '3.85 1.78 2.44 1
Pou2f2 '1.06 2.88 1.02 '1.08
Runx3 1.07 '1.03 1.49 5.71
Scrt2 1.04 18.12 1.83 1.4
Six1 '1.06 6.31 '1.35 '1.25
Sox10 '1.27 3.36 '1.28 '2.33
Sox13 6.88 3.29 '2.04 '1.47
Sox15 1 '3.57 1.35 2.81
Sox9 2.83 1.07 '4.35 '2.33
Sp5 9.75 17.74 '4.17 '25
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Transcription Regulators 
 
 
 
 
 
 
 
 
 
 
 
 
Tbx1 5.05 (2.86 3.57 (33.33
Tcf7l1 1.08 (16.67 (3.03 (4.55
Yy1 1.03 4.08 (1.02 2.26
Zfp442 1.17 2.69 1.32 1.01
Zfp51 1.12 8.59 (1.04 1.28
Zfp53 (1.04 8.67 1.06 1.38
Zfp534 1.03 9.1 1.35 1.07
Zfp563 (1.09 5.71 (1.19 1.23
Zfp566 2.43 (3.45 (2.08 (11.11
Zfp574 (1.72 1.07 2.7 1.81
Zfp72 1.1 3.35 (1.15 1.3
Zfp758 1.14 3.52 1.33 (1.1
Zfp773 1.04 2.02 (1.27 1.33
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Symbol Chr Start(MB) End(MB) HFP6vs6Epidermis SGP6vs6FP6Epidermis HFM6vs6HFP SGA6vs6SGP
Lce1a1 3 92.65 92.65 3.08 .6.25 .10.00 .8.33
Lce1a2 3 92.67 92.67 4.34 1.95 .25.00 .100.00
Lce1d 3 92.69 92.69 6.87 .6.67 .33.33 .100.00
Lce1e 3 92.71 92.71 1.93 .20.00 .12.50 .50.00
Lce1f 3 92.72 92.72 3.30 .1.37 .10.00 .100.00
Lce1h 3 92.76 92.77 2.88 .11.11 .14.29 .1.92
Lce1i 3 92.78 92.78 3.38 .2.86 .50.00 .100.00
Lce1j 3 92.79 92.79 1.84 .1.79 .3.23 .1.15
Kprp 3 92.82 92.83 1.90 .14.29 .5.88 .3.03
Crct1 3 93.01 93.02 7.17 .1.52 .20.00 .100.00
Flg2 3 93.2 93.22 2.07 .1.23 .2.56 1.01
Flg 3 93.27 93.28 1.89 .100.00 .50.00 1.01
Symbol Chr Start(MB) End(MB) HFP6vs6Epidermis SGP6vs6FP6Epidermis HFM6vs6HFP SGA6vs6SGP
Extl2 3 116.01 116.03 1.09 1.79 -1.19 1.04
Vcam1 3 116.11 116.13 1.20 3.84 -1.85 1.44
Rtcd1 3 116.49 116.51 1.15 1.75 1.07 1.30
Dbt 3 116.51 116.55 1.13 1.85 -1.18 -1.27
Sass6 3 116.6 116.63 -1.02 1.99 1.33 -1.02
Hiat1 3 116.63 116.68 1.22 2.81 -1.72 1.50
Tlr1 5 64.92 64.93 1.12 2.34 -2.63 1.17
Tlr6 5 64.95 64.96 1.17 1.73 -2.78 1.31
Wdr19 5 65.2 65.26 1.00 1.78 1.30 1.13
Lias 5 65.39 65.41 1.38 1.73 -1.15 -1.01
Ugdh 5 65.41 65.44 1.00 4.12 -1.04 1.38
Rassf6 5 90.6 90.64 -1.61 1.86 2.59 1.02
Cxcl5 5 90.76 90.76 1.07 6.17 -2.08 1.32
Cxcl3 5 90.79 90.79 -1.02 1.93 -1.52 -1.15
Cxcl1 5 90.89 90.89 1.52 1.97 -1.45 1.32
Areg 5 91.14 91.15 2.42 2.39 -1.52 -1.20
Sept5 16 18.62 18.63 -1.02 1.71 -1.70 -1.20
Ufd1l 16 18.81 18.84 -1.43 1.77 -1.61 1.17
2510002D24Rik 16 18.84 18.84 -1.03 2.63 -1.67 1.07
Hira 16 18.88 18.97 1.17 1.86 -1.23 1.74
Iglc2 16 19.2 19.2 -1.30 2.28 -1.23 1.06
Zfp51 17 21.45 21.47 1.12 8.59 -1.04 1.28
Zfp53 17 21.49 21.51 -1.04 8.67 1.06 1.38
Zfp52 17 21.56 21.56 1.01 5.12 -1.75 1.49
3110052M02Rik 17 21.66 21.66 1.03 11.51 -1.23 2.55
Gm10509 17 21.69 21.69 1.05 1.93 -1.64 -1.05
Zfp820 17 21.82 21.85 -1.64 1.88 -1.16 1.07
Zfp947 17 22.14 22.17 1.04 1.93 -1.92 -1.16
Zfp758 17 22.36 22.38 1.14 3.52 1.33 -1.10
Zfp946 17 22.42 22.46 1.03 8.35 1.44 1.35
Eif3a 19 60.76 60.79 1.15 6.47 -1.14 1.15
Nanos1 19 60.76 60.76 1.22 4.46 -1.79 -1.03
Fam45a 19 60.81 60.84 1.16 8.50 -1.28 1.13
Prdx3 19 60.86 60.87 -1.75 2.38 1.10 1.01
Zfp950 19 61.12 61.12 1.07 2.05 1.33 -1.30
Table 2. Large genomic Domains upregulated in the HF Placode vs. WT 
Table 3. Large Genomic Domains upregulated in SG Placode vs. Foot Pad Epidermis 
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Symbol Chr Start(MB) End(MB) HFP6vs6Epidermis SGP6vs6FP6Epidermis HFM6vs6HFP SGA6vs6SGP G
Bcs1l 1 74.59 74.59 +1.20 +1.72 1.12 +2.70 4
Rnf25 1 74.59 74.6 1.51 +1.72 1.37 1.18 4
Wnt6 1 74.77 74.79 1.12 +3.33 +1.49 +100.00 4
Wnt10a 1 74.79 74.8 +1.59 +8.33 3.19 +14.29 4
Fev 1 74.88 74.89 1.04 +3.03 1.57 2.67 4
Nhej1 1 74.97 75.05 1.09 +2.94 +1.01 1.04 4
Slc23a3 1 75.13 75.13 +1.14 +1.82 2.65 +1.01 4
Zfand2b 1 75.17 75.17 1.02 +2.22 1.72 +2.22 4
Glb1l 1 75.2 75.21 1.06 +1.85 +1.14 1.08 4
Tuba4a 1 75.21 75.22 +1.16 +1.75 1.38 1.17 4
Resp18 1 75.27 75.28 1.29 +2.00 +1.35 +1.52 4
Gmppa 1 75.44 75.44 +1.08 +2.94 1.47 +1.43 4
Inha 1 75.51 75.51 +1.08 +2.22 +1.35 +1.28 4
Slc4a3 1 75.55 75.56 +1.03 +1.75 +1.04 +1.12 4
Bcl2 1 106.54 106.71 1.39 +1.96 +1.67 +2.70 4
Serpinb5 1 106.86 106.88 1.76 +33.33 +1.09 +100.00 4
Serpinb12 1 106.93 106.96 +1.45 +3.13 +2.38 +1.20 4
Serpinb3b 1 107.15 107.28 +1.75 +100.00 +6.67 1.02 4
Serpinb3c 1 107.27 107.28 +1.47 +8.33 +2.17 1.07 4
Serpinb11 1 107.36 107.38 1.49 +1.75 +1.33 +1.01 4
Mrpl41 2 24.97 24.98 1.11 +1.75 1.23 +2.27 4
A830007P12Rik 2 25.19 25.2 +1.06 +16.67 +1.92 +1.18 4
Fam166a 2 25.22 25.22 1.14 +1.75 +1.41 1.24 4
Slc34a3 2 25.23 25.23 +1.10 +4.35 1.18 +1.23 4
2310002J15Rik 2 25.24 25.24 7.91 +4.35 +6.67 +100.00 4
Tmem203 2 25.26 25.26 +1.05 +3.33 1.95 +1.19 4
Man1b1 2 25.33 25.35 +1.41 +2.78 1.20 +1.54 4
2010317E24Rik 2 25.37 25.38 1.12 +1.75 2.51 +2.50 4
Entpd2 2 25.4 25.4 +1.15 +2.50 +3.03 +1.22 4
Clic3 2 25.46 25.46 +1.41 +20.00 +1.85 +2.70 4
Ptgds 2 25.47 25.47 +1.18 +1.72 12.46 +4.55 4
Phpt1 2 25.57 25.58 1.14 +1.70 1.78 +2.04 4
B230208H17Rik 2 25.58 25.61 1.04 +25.00 1.41 +1.16 4
Tmem141 2 25.62 25.62 1.02 +2.04 1.30 1.15 4
Lcn10 2 25.68 25.69 1.12 +4.00 1.19 +1.08 4
Zdhhc12 2 30.09 30.09 +1.06 +3.03 1.12 2.00 4
D2Wsu81e 2 30.17 30.18 +1.08 +2.86 +1.04 +1.04 4
Endog 2 30.17 30.17 1.03 +1.72 +1.16 +1.75 4
Ccbl1 2 30.19 30.21 1.24 +5.56 2.61 +3.45 4
Lrrc8a 2 30.24 30.28 1.24 +1.85 +1.04 +1.59 4
Dolk 2 30.28 30.29 +1.41 +2.33 1.38 +1.52 4
Dolpp1 2 30.39 30.4 +1.10 +2.04 1.14 +1.05 4
Cstad 2 30.6 30.61 1.06 +2.04 +2.27 +1.52 4
Asb6 2 30.82 30.83 +1.06 +3.45 2.28 +5.56 4
Ptges 2 30.89 30.93 1.12 +10.00 +1.82 +7.14 4
Tor1b 2 30.95 30.96 +1.01 +7.69 1.16 +1.05 4
Usp20 2 30.98 31.02 +1.05 +2.13 1.29 +1.15 4
Sprr2d 3 92.34 92.34 1.39 +25.00 +1.49 1.01 4
Sprr2g 3 92.37 92.38 +1.01 +2.44 1.31 5.75 4
Sprr1b 3 92.44 92.44 1.01 +100.00 +1.25 1.40 4
Sprr1a 3 92.48 92.49 +1.08 +2.56 1.75 +4.35 4
Sprr4 3 92.5 92.5 1.01 +2.50 +1.10 +1.61 4
Lce1a1 3 92.65 92.65 3.08 +6.25 +10.00 +8.33 4
Lce1b 3 92.66 92.66 1.59 +2.33 +3.45 +100.00 4
Lce1c 3 92.68 92.68 1.63 +2.78 +16.67 +100.00 4
Lce1d 3 92.69 92.69 6.87 +6.67 +33.33 +100.00 4
Lce1e 3 92.71 92.71 1.93 +20.00 +12.50 +50.00 4
Lce1g 3 92.75 92.75 1.68 +2.17 +4.35 +9.09 4
Lce1h 3 92.76 92.77 2.88 +11.11 +14.29 +1.92 4
Lce1i 3 92.78 92.78 3.38 +2.86 +50.00 +100.00 4
Lce1j 3 92.79 92.79 1.84 +1.79 +3.23 +1.15 4
Kprp 3 92.82 92.83 1.90 +14.29 +5.88 +3.03 4
2310050C09Rik 3 92.87 92.87 1.41 +7.14 +2.00 +100.00 4
Flg 3 93.27 93.28 1.89 +100.00 +50.00 1.01 4
Hrnr 3 93.32 93.33 1.61 +10.00 +8.33 +1.03 4
Sfpq 4 127.02 127.04 +1.11 +1.79 1.16 +1.41 4
Zmym1 4 127.05 127.06 1.07 +5.00 1.39 +2.44 4
Zmym6 4 127.08 127.12 1.39 +2.04 +1.92 +1.56 4
BC003266 4 127.24 127.25 +1.30 +2.38 1.70 +1.47 4
Gja4 4 127.31 127.31 1.16 +2.08 1.10 +1.16 4
Il28ra 4 135.69 135.71 1.06 +3.57 1.75 +2.27 4
Myom3 4 135.76 135.82 +1.18 +2.00 1.61 +1.05 4
Lypla2 4 135.97 135.97 +1.03 +1.92 2.10 +4.55 4
1110049F12Rik 4 135.98 135.99 1.08 +1.89 +1.27 +1.02 4
Rpl11 4 136.03 136.05 1.03 +12.50 3.42 +3.70 4
E2f2 4 136.17 136.2 +1.19 +3.23 9.33 +10.00 4
Tcea3 4 136.25 136.27 +1.19 +2.08 +1.67 +1.72 4
Zfp46 4 136.28 136.29 1.92 +2.17 2.43 +3.03 4
Luzp1 4 136.47 136.55 +1.09 +3.33 1.35 1.20 4
Cpz 5 35.5 35.53 1.32 +1.75 +1.43 1.70 4
Afap1 5 35.89 36 1.04 +3.03 +1.08 1.31 4
Sorcs2 5 36.02 36.4 +1.22 +1.70 +1.15 1.91 4
Psapl1 5 36.2 36.21 1.18 +50.00 +1.89 +2.33 4
Tbc1d14 5 36.49 36.59 1.11 +1.70 +1.06 1.15 4
Kctd10 5 114.36 114.38 +1.19 +2.13 +1.70 1.09 4
Ube3b 5 114.38 114.42 +1.09 +1.79 +1.02 +1.72 4
Trpv4 5 114.62 114.66 1.04 +4.55 2.13 +2.04 4
Tchp 5 114.71 114.72 +1.02 +1.92 1.18 1.17 4
Git2 5 114.73 114.78 1.26 +2.08 +1.56 1.01 4
Ankrd13a 5 114.77 114.81 +1.56 +3.23 +1.15 1.14 4
1500011B03Rik 5 114.81 114.81 1.20 +6.25 1.32 1.00 4
2210016L21Rik 5 114.94 114.95 1.06 +2.78 1.07 +3.57 4
Pop5 5 115.24 115.25 +1.08 +1.79 2.34 +1.82 4
Rnf10 5 115.24 115.27 1.05 +1.89 1.77 +5.00 4
Triap1 5 115.34 115.34 +1.02 +1.96 1.18 +1.14 4
Sirt4 5 115.48 115.48 1.16 +2.33 +1.23 1.06 4
Mad1l1 5 140.01 140.32 1.08 +1.75 1.39 +8.33 4
Grifin 5 140.56 140.57 +1.03 +4.00 +5.88 1.12 4
Lfng 5 140.61 140.62 +1.92 +2.13 +1.25 1.25 4
Table 4. Large Genomic Domains downregulated in SG Placode 
vs. Foot Pad Epidermis 
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Tbc1d14 5 36.49 36.59 1.11 ,1.70 ,1.06 1.15
Kctd10 5 114.36 114.38 ,1.19 ,2.13 ,1.70 1.09
Ube3b 5 114.38 114.42 ,1.09 ,1.79 ,1.02 ,1.72
Trpv4 5 114.62 114.66 1.04 ,4.55 2.13 ,2.04
Tchp 5 114.71 114.72 ,1.02 ,1.92 1.18 1.17
Git2 5 114.73 114.78 1.26 ,2.08 ,1.56 1.01
Ankrd13a 5 114.77 114.81 ,1.56 ,3.23 ,1.15 1.14
1500011B03Rik 5 114.81 114.81 1.20 ,6.25 1.32 1.00
2210016L21Rik 5 114.94 114.95 1.06 ,2.78 1.07 ,3.57
Pop5 5 115.24 115.25 ,1.08 ,1.79 2.34 ,1.82
Rnf10 5 115.24 115.27 1.05 ,1.89 1.77 ,5.00
Triap1 5 115.34 115.34 ,1.02 ,1.96 1.18 ,1.14
Sirt4 5 115.48 115.48 1.16 ,2.33 ,1.23 1.06
Mad1l1 5 140.01 140.32 1.08 ,1.75 1.39 ,8.33
Grifin 5 140.56 140.57 ,1.03 ,4.00 ,5.88 1.12
Lfng 5 140.61 140.62 ,1.92 ,2.13 ,1.25 1.25
Ttyh3 5 140.62 140.65 ,1.18 ,2.86 4.05 ,50.00
Baat1 5 140.71 140.72 ,1.06 ,3.33 1.20 ,8.33
Amz1 5 140.72 140.76 ,1.18 ,2.17 1.16 ,1.82
Dmpk 7 19.08 19.09 ,1.61 ,2.17 1.11 ,1.10
Dmwd 7 19.08 19.08 1.09 ,2.13 ,1.35 ,3.45
Six5 7 19.09 19.1 1.08 ,2.08 1.18 ,1.37
Qpctl 7 19.14 19.15 1.76 ,2.13 ,1.70 1.80
Eml2 7 19.18 19.21 ,1.18 ,3.33 ,1.67 ,2.04
Cd3eap 7 19.36 19.36 ,1.33 ,2.63 3.11 ,1.47
Klc3 7 19.39 19.4 ,1.15 ,2.86 1.57 ,2.38
A930016O22Rik 7 19.42 19.42 1.39 ,2.00 ,1.72 1.25
Nkpd1 7 19.52 19.53 2.29 ,16.67 ,1.61 ,10.00
Clasrp 7 19.58 19.6 ,1.25 ,2.13 1.81 ,2.38
Zfp296 7 19.58 19.58 ,1.08 ,2.22 3.13 ,1.85
Apoc2 7 19.67 19.68 ,1.11 ,2.22 4.05 ,1.08
Apoc1 7 19.69 19.69 ,1.45 ,4.17 4.45 ,20.00
Apoe 7 19.7 19.7 ,1.59 ,2.04 3.80 ,16.67
Cblc 7 19.78 19.8 1.17 ,1.85 1.11 1.93
Nr1h2 7 44.55 44.55 ,1.28 ,3.33 1.09 1.03
Myh14 7 44.61 44.67 ,1.12 ,5.00 5.58 1.08
Vrk3 7 44.75 44.78 1.03 ,8.33 1.56 3.72
Ptov1 7 44.86 44.87 1.13 ,2.63 ,1.47 1.45
Med25 7 44.88 44.89 ,1.05 ,2.22 1.38 ,1.47
Fuz 7 44.9 44.9 1.12 ,1.70 1.55 ,2.56
Bcl2l12 7 44.99 45 1.00 ,5.56 1.13 1.13
Irf3 7 45 45 ,1.15 ,2.70 1.21 ,2.04
Prrg2 7 45.05 45.06 ,1.32 ,2.33 1.23 ,1.25
Dkkl1 7 45.21 45.21 1.04 ,3.57 ,1.19 ,1.85
Trpm4 7 45.3 45.33 ,1.12 ,2.70 ,1.28 ,1.30
Ppfia3 7 45.34 45.37 1.14 ,3.13 1.80 1.07
Snrnp70 7 45.38 45.4 ,1.20 ,1.79 2.02 ,1.59
Ntf5 7 45.41 45.42 ,1.05 ,3.13 ,1.27 1.52
Ruvbl2 7 45.42 45.44 1.36 ,1.85 1.90 1.13
Cd2bp2 7 127.19 127.2 ,1.02 ,2.27 1.09 ,1.28
Zfp553 7 127.23 127.24 1.02 ,4.00 2.64 ,1.25
Zfp771 7 127.24 127.25 ,1.15 ,2.27 2.54 ,3.57
Sephs2 7 127.27 127.27 1.20 ,2.44 ,1.02 1.06
Zfp768 7 127.34 127.35 1.05 ,2.04 1.58 ,2.13
Zfp747 7 127.37 127.38 ,1.12 ,1.75 ,1.08 1.23
Zfp688 7 127.42 127.42 1.00 ,3.70 1.12 ,1.25
Fbrs 7 127.49 127.49 1.07 ,1.79 1.63 ,1.02
Srcap 7 127.51 127.54 1.08 ,1.85 ,1.12 ,1.19
Phkg2 7 127.57 127.58 ,1.22 ,2.94 ,1.23 1.03
Rnf40 7 127.59 127.6 1.08 ,1.85 1.04 ,1.22
Ctf1 7 127.71 127.72 1.12 ,1.85 ,1.64 ,2.94
Stx4a 7 127.82 127.85 1.16 ,2.86 ,1.49 1.69
Zfp646 7 127.88 127.89 ,1.03 ,1.89 1.17 1.37
Prss53 7 127.89 127.89 ,1.06 ,3.13 2.35 1.18
Bckdk 7 127.9 127.91 ,1.04 ,11.11 ,1.16 1.02
Pycard 7 127.99 127.99 ,1.54 ,3.45 ,1.85 ,1.52
Itgam 7 128.06 128.13 2.73 ,1.70 ,3.23 1.01
Armc5 7 128.24 128.25 ,1.27 ,3.33 1.71 ,1.47
Tgfb1i1 7 128.25 128.25 1.09 ,1.79 ,1.03 1.11
Tssc4 7 143.07 143.07 ,1.01 ,14.29 1.43 ,1.05
Cdkn1c 7 143.46 143.46 1.20 ,5.88 ,7.14 ,100.00
Slc22a18 7 143.47 143.5 1.12 ,3.45 ,1.39 ,2.94
Phlda2 7 143.5 143.5 ,1.37 ,4.35 6.37 ,1.01
Osbpl5 7 143.69 143.76 ,1.28 ,2.08 ,1.75 ,1.10
Mrgprg 7 143.76 143.77 ,1.22 ,3.33 1.08 5.74
Nadsyn1 7 143.8 143.82 1.23 ,2.38 ,1.33 ,2.04
Gfod2 8 105.71 105.76 ,1.39 ,1.96 ,1.11 ,1.25
Ranbp10 8 105.77 105.83 ,1.08 ,11.11 1.17 1.04
Cenpt 8 105.84 105.85 1.01 ,6.25 ,1.10 1.00
Edc4 8 105.88 105.89 1.14 ,2.27 1.13 ,1.32
Table 4. Large Genomic Domains downregulated in SG Placode 
vs. Foot Pad Epidermis 
Tables  210   
 
Ranbp10 8 105.77 105.83 -1.08 -11.11 1.17 1.04
Cenpt 8 105.84 105.85 1.01 -6.25 -1.10 1.00
Edc4 8 105.88 105.89 1.14 -2.27 1.13 -1.32
Dpep2 8 105.98 106 -1.02 -2.56 1.09 1.58
Dus2l 8 105.99 106.05 -1.16 -3.03 1.35 -3.70
Nfatc3 8 106.06 106.13 -1.03 -2.86 1.01 1.28
Esrp2 8 106.13 106.14 1.06 -33.33 2.03 -3.85
Slc7a6os 8 106.2 106.21 1.11 -14.29 1.19 1.08
Smpd3 8 106.25 106.34 1.39 -3.70 -1.33 -1.82
Zfp90 8 106.42 106.43 1.29 -2.86 -1.10 -3.23
Tmed1 9 21.51 21.51 1.05 -1.79 1.20 -4.17
Yipf2 9 21.59 21.59 -1.01 -3.33 -1.01 -1.35
Smarca4 9 21.62 21.7 -1.02 -1.85 1.56 -2.33
Spc24 9 21.76 21.76 1.35 -16.67 1.73 1.08
Kank2 9 21.77 21.8 1.12 -2.17 -1.20 1.06
Epor 9 21.96 21.96 -1.37 -1.85 1.17 -1.41
Elavl3 9 22.02 22.05 1.73 -7.69 -1.45 2.86
Ecsit 9 22.07 22.09 -1.12 -2.63 2.44 -1.75
Elof1 9 22.11 22.12 1.12 -1.96 1.99 -2.08
Pigyl 9 22.16 22.16 1.01 -2.86 2.11 -2.33
Zfp599 9 22.25 22.26 1.06 -1.92 -1.41 -2.04
Rp9 9 22.45 22.47 -1.22 -3.03 1.63 -1.79
Bbs9 9 22.48 22.89 -1.18 -3.23 1.58 -2.00
Aagab 9 63.6 63.64 -1.05 -3.57 1.33 -5.88
Zwilch 9 64.14 64.17 -1.10 -11.11 1.02 1.16
Rpl4 9 64.17 64.18 1.56 -3.23 -1.54 2.24
Snapc5 9 64.18 64.18 -1.15 -8.33 1.22 1.11
Dis3l 9 64.31 64.34 -1.05 -3.85 2.53 -3.33
Mapkapk3 9 107.25 107.29 -1.23 -4.17 1.56 1.20
Cish 9 107.3 107.3 -1.47 -25.00 1.41 -8.33
6430571L13Rik 9 107.34 107.35 -1.08 -1.75 1.12 1.31
Tusc2 9 107.56 107.57 -1.01 -14.29 1.98 1.22
Sema3f 9 107.68 107.71 -1.02 -4.35 -1.49 -1.20
Rbm5 9 107.74 107.77 1.10 -3.13 1.10 -2.44
Mon1a 9 107.89 107.9 -1.28 -2.86 1.80 1.34
Mst1r 9 107.91 107.92 -1.01 -7.14 -3.13 1.18
Traip 9 107.95 107.97 1.04 -2.70 2.39 -2.13
Polrmt 10 79.74 79.75 1.13 -2.38 2.12 -1.79
9130017N09Rik 10 79.82 79.83 1.08 -3.13 -1.39 2.83
Ptbp1 10 79.85 79.86 1.21 -3.85 1.31 -4.00
Med16 10 79.89 79.91 1.09 -1.85 -1.01 -1.39
Arid3a 10 79.93 79.96 -1.22 -2.94 2.35 -1.82
ORF61 10 79.97 79.98 1.05 -2.17 1.06 3.55
Stk11 10 80.12 80.13 1.00 -9.09 1.89 -11.11
Dos 10 80.13 80.14 1.00 -10.00 -1.16 -5.88
Midn 10 80.15 80.16 1.20 -1.92 1.20 -1.64
1600002K03Rik 10 80.17 80.18 -1.18 -1.82 2.56 -1.41
Dazap1 10 80.26 80.29 -1.16 -1.85 3.06 -1.25
Reep6 10 80.33 80.34 -1.11 -8.33 1.59 1.92
Plk5 10 80.36 80.37 1.29 -3.23 -1.22 -2.04
Uqcr11 10 80.4 80.41 -1.08 -1.70 1.91 -1.96
Fam108a 10 80.58 80.59 -1.12 -4.00 1.11 -1.43
Izumo4 10 80.7 80.71 -1.05 -2.22 -1.30 -1.08
Dot1l 10 80.76 80.8 -1.01 -1.70 1.10 1.20
Lmnb2 10 80.9 80.92 1.05 -4.35 1.18 -2.08
Gadd45b 10 80.93 80.93 -1.35 -1.79 1.38 -1.45
Trp53 11 69.58 69.59 -1.11 -4.76 1.91 -1.10
Atp1b2 11 69.6 69.61 -1.08 -2.94 4.22 -1.79
Cd68 11 69.66 69.67 1.04 -3.57 -1.43 -2.33
Sox15 11 69.66 69.66 1.00 -3.57 1.35 2.81
Zbtb4 11 69.77 69.78 1.00 -4.35 -1.59 -3.85
Nlgn2 11 69.82 69.84 -1.10 -2.00 -1.15 -1.02
Tnk1 11 69.85 69.86 2.08 -6.67 -1.35 1.14
Slc2a4 11 69.94 69.95 1.38 -5.00 -2.33 -8.33
Ybx2 11 69.94 69.94 1.01 -2.50 2.00 1.07
Rai12 11 69.97 69.98 -1.15 -1.89 1.27 1.66
Phf23 11 70 70 1.10 -3.23 1.00 1.41
Slc16a13 11 70.22 70.22 -1.45 -16.67 1.25 -1.02
0610010K14Rik 11 70.24 70.24 1.21 -2.33 1.07 3.28
Alox12 11 70.24 70.26 -2.63 -3.23 2.77 1.05
Alox12e 11 70.32 70.32 3.47 -100.00 1.66 -1.02
Pelp1 11 70.39 70.41 -1.10 -1.96 1.09 1.40
Arrb2 11 70.43 70.44 1.00 -2.33 1.51 1.09
Zmynd15 11 70.46 70.47 1.07 -11.11 -1.96 1.00
Krtap3-2 11 99.56 99.56 -3.03 -2.78 6.55 2.73
Krtap3-1 11 99.57 99.57 -1.11 -50.00 8.95 1.03
Krtap9-3 11 99.6 99.6 1.12 -3.23 6.38 -1.18
Krtap4-7 11 99.64 99.64 -1.01 -25.00 11.02 -1.92
Krtap4-16 11 99.85 99.85 1.13 -33.33 2.52 2.01
Krtap31-1 11 99.91 99.91 -1.11 -4.55 1.18 1.35
Krt33a 11 100.01 100.02 4.20 -50.00 12.20 1.05
Krt33b 11 100.02 100.03 -1.09 -4.55 1.98 2.40
Krt34 11 100.04 100.04 1.37 -50.00 1.99 -4.35
Krt35 11 100.09 100.1 1.03 -7.14 61.43 -2.70
Krt15 11 100.13 100.14 -1.02 -8.33 -8.33 -10.00
Krt14 11 100.2 100.21 -2.00 -2.44 -5.00 -100.00
Krt16 11 100.25 100.25 1.09 -2.70 1.40 -1.43
Krt17 11 100.26 100.26 3.16 -2.86 -2.94 -3.45
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Krtap4'16 11 99.85 99.85 1.13 '33.33 2.52 2.01
Krtap31'1 11 99.91 99.91 '1.11 '4.55 1.18 1.35
Krt33a 11 100.01 100.02 4.20 '50.00 12.20 1.05
Krt33b 11 100.02 100.03 '1.09 '4.55 1.98 2.40
Krt34 11 100.04 100.04 1.37 '50.00 1.99 '4.35
Krt35 11 100.09 100.1 1.03 '7.14 61.43 '2.70
Krt15 11 100.13 100.14 '1.02 '8.33 '8.33 '10.00
Krt14 11 100.2 100.21 '2.00 '2.44 '5.00 '100.00
Krt16 11 100.25 100.25 1.09 '2.70 1.40 '1.43
Krt17 11 100.26 100.26 3.16 '2.86 '2.94 '3.45
Esr2 12 76.12 76.18 1.01 '3.33 '1.39 2.60
Tex21 12 76.2 76.25 1.08 '4.17 1.61 '2.27
Zbtb25 12 76.35 76.37 1.02 '1.85 '1.09 '1.04
Plekhg3 12 76.53 76.58 1.12 '2.04 3.58 '2.27
Rab15 12 76.8 76.82 1.54 '5.56 5.06 '2.94
Max 12 76.94 76.96 1.01 '2.17 2.26 '1.39
Aspg 12 112.11 112.13 '1.04 '14.29 1.41 1.07
Kif26a 12 112.15 112.18 '1.04 '5.00 1.60 1.18
AW555464 12 112.72 112.75 '1.20 '3.13 1.57 '4.76
BC022687 12 112.81 112.82 1.38 '2.78 '2.08 1.14
Jag2 12 112.91 112.93 '1.14 '6.67 1.50 '11.11
Nudt14 12 112.93 112.94 1.06 '2.86 '1.08 1.51
Btbd6 12 112.98 112.98 '1.16 '5.88 1.31 1.04
Zfhx2 14 55.06 55.09 1.08 '1.92 '1.23 1.60
Thtpa 14 55.09 55.1 1.38 '20.00 1.53 '1.04
Fam158a 14 55.58 55.59 '1.64 '6.67 1.47 '2.38
Rnf31 14 55.59 55.6 1.04 '1.96 '1.04 '1.18
Irf9 14 55.6 55.61 1.76 '1.72 '1.61 1.33
Tm9sf1 14 55.64 55.64 '1.39 '2.78 '1.08 1.02
Tssk4 14 55.65 55.65 1.07 '9.09 '1.18 '1.06
Mdp1 14 55.66 55.66 '1.20 '1.92 1.05 '1.30
Tgm1 14 55.7 55.71 '1.32 '2.78 1.04 '1.10
Adcy4 14 55.77 55.78 '1.23 '3.85 '1.05 1.50
Ltb4r1 14 55.77 55.77 '1.47 '2.38 1.18 1.08
Sdr39u1 14 55.9 55.9 '1.23 '2.94 1.30 '2.78
Cma1 14 55.94 55.94 2.53 '4.17 '2.13 1.38
Csta 16 36.12 36.13 '1.28 '2.38 '5.88 '50.00
Gm10092 16 36.14 36.14 '1.59 '3.23 '9.09 1.30
Stfa2l1 16 36.16 36.16 '1.89 '10.00 '7.69 '1.04
Gm5483 16 36.18 36.19 '1.35 '3.70 '50.00 1.00
Stfa1 16 36.28 36.29 '1.25 '50.00 '33.33 '100.00
BC100530 16 36.36 36.37 1.10 '50.00 '25.00 '100.00
Stfa2 16 36.4 36.41 1.05 '100.00 '33.33 '1.05
Stfa3 16 36.45 36.46 2.09 '50.00 '50.00 '100.00
Iqcb1 16 36.83 36.87 1.30 '1.92 '1.64 1.07
Gm10229 16 89.02 89.02 1.01 '100.00 19.63 '1.01
Krtap6'1 16 89.03 89.03 '1.01 '4.76 26.26 '1.11
Gm10228 16 89.04 89.04 1.31 '100.00 2.57 1.13
Krtap16'8 16 89.05 89.05 '1.04 '100.00 12.09 '2.04
1110025L11Rik 16 89.06 89.06 1.02 '7.14 22.25 '1.23
Krtap6'3 16 89.08 89.08 '1.08 '7.14 9.06 '1.06
Krtap16'7 16 89.4 89.4 '1.05 '2.17 16.40 1.23
Krtap8'1 16 89.49 89.49 1.02 '16.67 14.41 1.05
Tiam1 16 89.79 89.98 '1.12 '5.88 '1.23 1.00
Dnase1l2 17 24.44 24.44 1.12 '2.04 1.26 2.20
E4f1 17 24.44 24.46 '1.28 '2.00 2.71 '1.28
Mlst8 17 24.47 24.48 '1.03 '2.00 1.41 '2.78
Nthl1 17 24.63 24.64 '1.16 '2.38 '1.19 '1.01
Gfer 17 24.69 24.7 1.22 '3.03 '1.56 1.14
Ndufb10 17 24.72 24.72 '1.15 '2.33 2.17 '1.45
Hagh 17 24.84 24.86 '1.30 '1.92 1.51 '5.26
Igfals 17 24.88 24.88 '1.08 '1.82 1.37 2.11
Nubp2 17 24.88 24.89 '1.32 '4.00 1.04 1.03
Eme2 17 24.89 24.9 '1.25 '20.00 1.38 '1.09
Spsb3 17 24.89 24.89 1.20 '2.13 '1.32 1.50
Hn1l 17 24.94 24.96 1.14 '2.22 '1.33 '2.56
Telo2 17 25.1 25.12 '1.39 '3.70 1.92 '2.13
Gnptg 17 25.23 25.24 '1.04 '2.44 1.19 1.19
Poll 19 45.55 45.56 1.03 '3.33 '1.37 1.32
Npm3 19 45.75 45.75 1.03 '2.27 3.42 '4.55
9130011E15Rik 19 45.82 46 '1.52 '3.23 1.20 1.16
Ldb1 19 46.03 46.05 1.13 '2.22 '1.04 '1.33
Pprc1 19 46.04 46.07 '1.12 '1.92 2.00 '1.92
Nfkb2 19 46.3 46.31 1.22 '8.33 1.05 1.04
Psd 19 46.31 46.33 '1.05 '11.11 1.51 '2.04
Tmem180 19 46.34 46.38 1.24 '33.33 1.52 12.32
Bex2 X 136.07 136.07 '1.04 '9.09 '1.09 '1.59
Bex4 X 136.14 136.14 1.21 '4.35 '1.15 1.02
Tceal3 X 136.59 136.67 '1.56 '1.92 '1.33 1.10
BC065397 X 136.74 136.74 1.04 '3.03 '1.05 '2.86
Glra4 X 136.76 136.78 1.30 '1.72 '1.75 '1.75
Tmsb15l X 136.95 136.98 1.29 '2.50 '1.89 '16.67
Zcchc18 X 136.99 137 1.16 '4.00 1.18 '1.89
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Symbol Chr Start(MB) End(MB) HFP6vs6Epidermis SGP6vs6FP6Epidermis HFM6vs6HFP SGA6vs6SGP
Ampd2 3 108.07 108.09 1.02 1.02 1.88 1.02
Cyb561d1 3 108.2 108.2 1.03 22.94 2.01 233.33
Psma5 3 108.26 108.28 1.17 1.11 1.94 1.17
Sort1 3 108.28 108.36 21.45 21.28 1.80 21.22
Celsr2 3 108.39 108.42 21.09 21.89 1.89 21.45
Taf13 3 108.57 108.58 21.27 21.79 2.12 1.13
Wdr47 3 108.59 108.65 21.14 22.70 2.00 23.70
Il28ra 4 135.69 135.71 1.06 23.57 1.75 22.27
Gale 4 135.96 135.97 21.27 21.30 1.78 1.03
Lypla2 4 135.97 135.97 21.03 21.92 2.10 24.55
Rpl11 4 136.03 136.05 1.03 212.50 3.42 23.70
E2f2 4 136.17 136.2 21.19 23.23 9.33 210.00
Zfp46 4 136.28 136.29 1.92 22.17 2.43 23.03
Zfp428 7 24.51 24.52 1.29 21.23 1.71 21.79
Xrcc1 7 24.55 24.57 1.06 21.41 1.74 21.09
Lypd3 7 24.64 24.64 21.32 2100.00 2.62 21.52
Zfp574 7 25.08 25.08 21.72 1.07 2.70 1.81
Gsk3a 7 25.23 25.24 21.02 29.09 1.91 1.04
Erf 7 25.24 25.25 21.09 23.33 2.00 25.56
Megf8 7 25.32 25.37 21.10 21.33 6.85 21.14
Sycn 7 28.54 28.54 1.01 1.06 2.61 22.70
Pak4 7 28.56 28.6 1.09 25.26 2.25 28.33
Mrps12 7 28.74 28.74 21.43 21.33 2.10 21.30
Nfkbib 7 28.76 28.77 1.01 22.56 2.09 23.23
Actn4 7 28.89 28.96 1.21 22.13 1.81 21.47
Fam98c 7 29.15 29.16 21.04 21.15 1.77 21.28
Yif1b 7 29.24 29.25 21.04 21.12 2.61 21.41
Phox2a 7 101.82 101.82 21.15 21.18 1.96 21.03
2400001E08Rik 7 101.91 101.91 21.04 21.85 2.73 21.52
Chrna10 7 102.11 102.12 1.03 1.78 5.71 21.28
Rhog 7 102.24 102.25 21.16 21.18 2.37 1.32
Olfr544 7 102.48 102.49 21.19 21.37 1.99 2.84
Eif3c 7 126.55 126.57 21.10 24.55 1.76 21.08
Ccdc101 7 126.65 126.67 21.09 21.20 1.88 21.28
Bola2 7 126.7 126.7 1.20 21.05 2.92 21.06
Aldoa 7 126.8 126.8 21.30 1.10 1.70 1.26
Ino80e 7 126.85 126.86 1.00 22.00 1.82 22.27
Maz 7 127.02 127.03 1.00 21.04 1.82 1.62
Kif22 7 127.03 127.04 1.06 21.03 1.74 21.19
Zfp553 7 127.23 127.24 1.02 24.00 2.64 21.25
Zfp771 7 127.24 127.25 21.15 22.27 2.54 23.57
Dctpp1 7 127.26 127.26 1.02 21.47 2.97 21.39
Olfr53 7 140.65 140.65 1.04 21.19 1.76 1.02
1190003J15Rik 7 140.84 140.84 1.14 220.00 2.10 22.94
Ifitm1 7 140.97 140.97 21.10 21.12 1.79 1.14
Ifitm3 7 141.01 141.01 21.12 1.20 2.36 21.09
Pkp3 7 141.08 141.09 21.47 24.55 1.80 21.09
Ano9 7 141.1 141.12 1.82 225.00 1.83 21.06
Sct 7 141.28 141.28 21.05 21.02 7.87 22.94
Taldo1 7 141.39 141.4 21.27 21.09 2.28 1.06
Tspan4 7 141.48 141.49 21.11 1.61 1.82 21.05
Muc6 7 141.63 141.66 21.02 21.59 1.79 1.33
Nudt21 8 94.02 94.04 1.05 2.05 1.95 21.01
Mt4 8 94.14 94.14 21.06 1.52 2.36 1.01
Mt2 8 94.17 94.17 1.11 1.30 10.04 22.56
Mt1 8 94.18 94.18 21.25 1.15 3.47 1.06
Dok4 8 94.86 94.88 21.89 22.94 1.79 1.10
Gpr56 8 94.98 95.01 1.49 214.29 2.41 22.13
Ldlr 9 21.72 21.75 21.16 21.49 1.94 21.11
Spc24 9 21.76 21.76 1.35 216.67 1.73 1.08
Prkcsh 9 22 22.01 1.00 21.11 1.71 21.32
Ecsit 9 22.07 22.09 21.12 22.63 2.44 21.75
Elof1 9 22.11 22.12 1.12 21.96 1.99 22.08
Pigyl 9 22.16 22.16 1.01 22.86 2.11 22.33
Adora2a 10 75.32 75.33 21.04 21.37 2.30 21.05
Snrpd3 10 75.52 75.54 1.07 1.83 1.74 21.01
AI646023 10 75.55 75.56 2.26 21.11 3.14 1.04
Ddt 10 75.77 75.77 21.04 22.13 2.21 23.33
Smarcb1 10 75.9 75.92 21.20 1.06 1.99 21.04
Chchd10 10 75.94 75.94 21.30 21.12 2.81 1.07
Polrmt 10 79.74 79.75 1.13 22.38 2.12 21.79
Rnf126 10 79.76 79.77 21.10 21.05 1.94 21.11
Cfd 10 79.89 79.89 21.64 1.31 62.02 1.84
Arid3a 10 79.93 79.96 21.22 22.94 2.35 21.82
Stk11 10 80.12 80.13 1.00 29.09 1.89 211.11
1600002K03Rik 10 80.17 80.18 21.18 21.82 2.56 21.41
Ndufs7 10 80.25 80.26 21.23 21.49 2.48 21.32
Dazap1 10 80.26 80.29 21.16 21.85 3.06 21.25
Rps15 10 80.29 80.29 21.22 21.41 2.24 21.16
Uqcr11 10 80.4 80.41 21.08 21.70 1.91 21.96
Table 5. Large Genomic domains upregulated in HF Matrix vs. 
Hair Follicle Placode 
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Dazap1 10 80.26 80.29 ,1.16 ,1.85 3.06 ,1.25
Rps15 10 80.29 80.29 ,1.22 ,1.41 2.24 ,1.16
Uqcr11 10 80.4 80.41 ,1.08 ,1.70 1.91 ,1.96
Krt25 11 99.32 99.32 ,1.32 ,1.18 63.31 1.03
Krt27 11 99.35 99.35 1.17 ,1.23 61.51 ,1.01
Krt28 11 99.36 99.37 1.01 1.07 102.54 1.32
Krt23 11 99.48 99.49 3.31 ,5.00 3.28 ,14.29
Krtap3,2 11 99.56 99.56 ,3.03 ,2.78 6.55 2.73
Krtap3,1 11 99.57 99.57 ,1.11 ,50.00 8.95 1.03
Krtap1,5 11 99.58 99.58 1.05 ,1.19 3.50 ,1.03
Krtap9,3 11 99.6 99.6 1.12 ,3.23 6.38 ,1.18
Krtap2,4 11 99.61 99.61 1.19 ,1.19 2.34 1.00
Krtap4,2 11 99.63 99.64 1.00 ,1.22 6.53 ,1.01
Krtap4,7 11 99.64 99.64 ,1.01 ,25.00 11.02 ,1.92
Krtap4,6 11 99.67 99.67 ,1.15 1.08 3.64 1.07
Krtap4,16 11 99.85 99.85 1.13 ,33.33 2.52 2.01
Krtap17,1 11 99.99 99.99 ,1.14 ,1.22 4.40 1.01
Krt33a 11 100.01 100.02 4.20 ,50.00 12.20 1.05
Krt33b 11 100.02 100.03 ,1.09 ,4.55 1.98 2.40
Krt34 11 100.04 100.04 1.37 ,50.00 1.99 ,4.35
Krt31 11 100.05 100.05 1.37 ,1.20 2.80 ,1.01
Krt35 11 100.09 100.1 1.03 ,7.14 61.43 ,2.70
Hap1 11 100.35 100.36 ,1.08 1.00 2.19 ,1.59
Cldn8 16 88.56 88.56 1.47 ,1.18 4.44 ,1.05
Krtap16,1 16 88.87 88.87 1.23 ,1.22 16.07 ,1.01
Krtap16,2 16 88.87 88.87 1.18 ,4.00 24.37 ,3.23
Krtap16,4 16 88.88 88.89 1.19 ,1.19 7.07 1.00
Krtap16,5 16 88.88 88.88 1.07 ,1.72 26.94 1.01
Gm10229 16 89.02 89.02 1.01 ,100.00 19.63 ,1.01
Krtap6,1 16 89.03 89.03 ,1.01 ,4.76 26.26 ,1.11
Gm10228 16 89.04 89.04 1.31 ,100.00 2.57 1.13
Krtap16,8 16 89.05 89.05 ,1.04 ,100.00 12.09 ,2.04
1110025L11Rik 16 89.06 89.06 1.02 ,7.14 22.25 ,1.23
Krtap6,3 16 89.08 89.08 ,1.08 ,7.14 9.06 ,1.06
Krtap16,7 16 89.4 89.4 ,1.05 ,2.17 16.40 1.23
Krtap8,1 16 89.49 89.49 1.02 ,16.67 14.41 1.05
Agpat1 17 34.6 34.61 ,1.09 ,1.39 1.79 1.03
Ppt2 17 34.62 34.63 1.06 ,7.69 1.93 ,1.28
Fkbpl 17 34.64 34.65 ,1.09 ,1.96 1.83 ,3.33
Rdbp 17 34.85 34.86 ,1.11 1.01 1.76 ,1.06
Hspa1a 17 34.97 34.97 ,1.45 ,33.33 1.86 ,1.52
Ly6g5b 17 35.11 35.12 ,1.22 ,1.47 2.31 1.25
Csnk2b 17 35.12 35.12 1.03 ,1.25 3.96 ,1.12
Gpank1 17 35.12 35.12 1.07 ,1.23 2.14 1.03
Apom 17 35.13 35.13 ,1.12 ,3.03 2.12 7.21
Klhdc3 17 46.67 46.68 1.13 ,1.72 1.82 ,2.78
Pex6 17 46.71 46.73 ,1.10 ,1.04 1.92 1.21
Gnmt 17 46.73 46.73 ,1.19 1.12 2.51 ,1.20
Mrps10 17 47.37 47.38 ,1.05 1.08 1.72 ,1.02
Guca1b 17 47.39 47.39 ,1.12 ,20.00 2.57 1.14
AI661453 17 47.44 47.47 ,1.18 ,7.69 2.32 ,33.33
Bysl 17 47.6 47.61 ,1.14 ,1.14 1.84 1.06
Tomm6 17 47.69 47.69 1.11 ,1.61 1.99 ,1.54
Pura 18 36.28 36.3 ,1.10 ,4.00 1.80 ,1.16
Pfdn1 18 36.4 36.45 1.28 ,2.44 2.14 ,2.94
Hbegf 18 36.5 36.52 ,1.35 1.31 6.39 ,1.04
Ndufa2 18 36.74 36.74 ,1.11 ,1.15 2.03 ,1.32
Wdr55 18 36.76 36.76 1.03 ,1.28 1.85 ,1.28
Ndufv1 19 4.01 4.01 ,1.08 ,1.61 2.07 ,1.54
Gstp1 19 4.04 4.04 1.13 1.31 2.39 1.04
Cdk2ap2 19 4.1 4.1 ,1.05 1.00 2.15 1.03
Pitpnm1 19 4.1 4.11 1.18 1.41 1.99 ,1.03
Ppp1ca 19 4.19 4.2 ,1.02 1.25 1.92 1.28
Pcx 19 4.51 4.62 ,1.23 ,2.17 2.59 1.17
Rce1 19 4.62 4.63 1.12 ,1.27 1.77 ,1.64
Rbm14 19 4.8 4.81 1.12 ,1.25 1.80 ,1.47
Mrpl11 19 4.96 4.97 ,1.02 ,1.52 2.29 ,2.38
Table 5. Large Genomic Domains upregulated in HF Matrix vs. 
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Symbol Chr Start(MB) End(MB) HFP6vs6Epidermis SGP6vs6FP6Epidermis HFM6vs6HFP SGA6vs6SGP
Lor 3 92.08 92.08 1.22 +1.06 +16.67 +33.33
Lce1a1 3 92.65 92.65 3.08 +6.25 +10.00 +8.33
Lce1b 3 92.66 92.66 1.59 +2.33 +3.45 +100.00
Lce1a2 3 92.67 92.67 4.34 1.95 +25.00 +100.00
Lce1c 3 92.68 92.68 1.63 +2.78 +16.67 +100.00
Lce1d 3 92.69 92.69 6.87 +6.67 +33.33 +100.00
Lce1e 3 92.71 92.71 1.93 +20.00 +12.50 +50.00
Lce1f 3 92.72 92.72 3.30 +1.37 +10.00 +100.00
Lce1g 3 92.75 92.75 1.68 +2.17 +4.35 +9.09
Lce1h 3 92.76 92.77 2.88 +11.11 +14.29 +1.92
Lce1i 3 92.78 92.78 3.38 +2.86 +50.00 +100.00
Lce1j 3 92.79 92.79 1.84 +1.79 +3.23 +1.15
Kprp 3 92.82 92.83 1.90 +14.29 +5.88 +3.03
2310050C09Rik 3 92.87 92.87 1.41 +7.14 +2.00 +100.00
Crct1 3 93.01 93.02 7.17 +1.52 +20.00 +100.00
Flg2 3 93.2 93.22 2.07 +1.23 +2.56 1.01
Flg 3 93.27 93.28 1.89 +100.00 +50.00 1.01
Hrnr 3 93.32 93.33 1.61 +10.00 +8.33 +1.03
Pdilt 7 119.49 119.52 +1.18 +1.09 +2.04 +1.10
Acsm5 7 119.53 119.54 4.22 +1.20 +2.38 +1.10
Acsm4 7 119.69 119.71 2.02 +1.23 +2.56 2.20
Thumpd1 7 119.72 119.72 +1.41 +3.57 +1.89 1.79
Lyrm1 7 119.9 119.92 1.13 2.21 +2.08 +1.06
Zp2 7 120.13 120.15 +1.89 +1.19 +1.82 +1.03
Anks4b 7 120.17 120.18 2.19 +1.19 +2.08 +1.01
Fgf20 8 40.28 40.31 1.86 +1.19 +1.96 +1.08
Zdhhc2 8 40.42 40.51 1.26 1.22 +2.27 +1.43
Mtmr7 8 40.55 40.63 1.54 +1.19 +2.50 1.01
Adam39 8 40.82 40.83 4.31 +1.19 +2.56 1.00
Slc7a2 8 40.86 40.92 1.22 1.31 +1.85 +1.01
Pdgfrl 8 40.93 40.99 2.20 1.22 +2.08 1.07
Mtus1 8 40.99 41.13 1.10 +1.23 +2.00 +1.45
Cyp4v3 8 45.27 45.33 1.38 1.36 +2.08 +1.82
Tlr3 8 45.4 45.41 1.85 1.71 +1.82 1.04
Pdlim3 8 45.89 45.92 2.08 1.27 +1.89 +1.01
Ccdc110 8 45.93 45.94 +1.27 +1.18 +1.89 1.00
Ankrd37 8 46 46 1.02 +14.29 +2.44 +1.12
Lrp2bp 8 46 46.03 1.16 +1.20 +2.13 1.07
Helt 8 46.29 46.29 +2.17 1.26 +10.00 1.12
Acsl1 8 46.47 46.54 +1.43 +2.04 +2.70 1.09
Slc25a48 13 56.44 56.47 +1.12 +1.03 +2.38 1.00
Il9 13 56.48 56.48 1.16 +1.22 +1.82 +1.02
Fbxl21 13 56.52 56.54 1.45 +1.27 +1.75 +1.04
Tgfbi 13 56.61 56.64 +2.44 +3.70 +11.11 +1.01
Trpc7 13 56.77 56.9 7.34 +1.16 +2.08 +1.02
Mcpt2 14 56.04 56.04 +1.04 +1.18 +2.56 1.00
Mcpt8 14 56.08 56.09 +2.63 +1.19 +1.82 1.00
Gzmd 14 56.13 56.13 +1.25 +1.02 +1.79 1.04
Gzmg 14 56.16 56.16 +2.13 +1.52 +1.96 +1.45
Gzmn 14 56.17 56.17 1.56 +1.18 +2.00 1.01
Gzmf 14 56.21 56.21 1.29 2.19 +1.82 +1.20
Mphosph8 14 56.67 56.7 +1.37 1.76 +1.72 1.03
Parp14 16 35.83 35.87 +1.12 1.08 +1.92 1.06
Fam162a 16 36.04 36.07 +1.56 +1.56 +2.70 1.20
Csta 16 36.12 36.13 +1.28 +2.38 +5.88 +50.00
Gm10092 16 36.14 36.14 +1.59 +3.23 +9.09 1.30
Stfa2l1 16 36.16 36.16 +1.89 +10.00 +7.69 +1.04
Gm5483 16 36.18 36.19 +1.35 +3.70 +50.00 1.00
Stfa1 16 36.28 36.29 +1.25 +50.00 +33.33 +100.00
Gm4758 16 36.31 36.31 1.70 +1.16 +2.56 1.01
BC100530 16 36.36 36.37 1.10 +50.00 +25.00 +100.00
Stfa2 16 36.4 36.41 1.05 +100.00 +33.33 +1.05
Stfa3 16 36.45 36.46 2.09 +50.00 +50.00 +100.00
Eaf2 16 36.79 36.88 +1.54 +1.14 +1.92 1.20
Cysltr1 X 106.57 106.6 +1.92 +1.61 +1.70 +1.54
Zcchc5 X 106.84 106.84 +1.37 +1.25 +2.33 1.07
P2ry10 X 107.09 107.1 1.41 +1.22 +2.17 +9.09
A630033H20Rik X 107.15 107.17 +1.67 +1.18 +1.79 +1.02
Itm2a X 107.4 107.4 1.63 1.26 +5.88 1.00
Table 6. Large Genomic Domains downregulated in HF Matrix 
vs. Hair Follicle Placode 
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Symbol Chr Start(MB) End(MB) HFP6vs6Epidermis SGP6vs6FP6Epidermis HFM6vs6HFP SGA6vs6SGP
Hapln3 7 79.12 79.13 ,1.03 ,1.27 1.19 2.22
Rlbp1 7 79.37 79.39 ,1.03 ,1.20 ,1.96 1.99
9330171B17Rik 7 79.71 79.71 1.02 ,1.28 1.25 2.94
Plin1 7 79.72 79.73 ,1.09 1.21 1.18 1.83
Mesp2 7 79.81 79.81 1.00 ,4.00 1.13 2.34
Plcd3 11 103.07 103.1 ,1.11 ,3.45 ,1.12 2.14
Fmnl1 11 103.17 103.2 1.29 ,1.32 ,1.82 1.99
1700023F06Rik 11 103.2 103.21 ,1.20 ,1.30 1.23 1.73
Rprml 11 103.65 103.65 ,1.41 ,1.52 ,1.35 2.34
Gosr2 11 103.68 103.7 1.06 ,1.67 1.29 2.46
Olfr725 14 50.03 50.04 ,1.15 1.03 1.13 2.19
Olfr731 14 50.24 50.24 ,1.05 1.53 1.40 1.82
Olfr733 14 50.3 50.3 1.25 ,1.20 1.26 2.60
Olfr738 14 50.41 50.41 ,1.05 ,1.25 1.41 4.32
Olfr740 14 50.45 50.45 1.07 ,4.00 1.30 4.38
P2ry4 X 100.59 100.59 1.18 ,4.55 1.25 2.34
Gdpd2 X 100.73 100.74 ,1.02 ,1.56 ,1.75 3.35
Slc7a3 X 101.08 101.09 ,1.02 1.63 ,1.96 2.64
Gjb1 X 101.38 101.39 1.26 1.10 ,1.52 2.11
Itgb1bp2 X 101.45 101.45 1.08 1.38 ,1.25 1.94
Symbol Chr Start(MB) End(MB) HFP6vs6Epidermis SGP6vs6FP6Epidermis HFM6vs6HFP SGA6vs6SGP
Lor 3 92.08 92.08 1.22 +1.06 +16.67 +33.33
Sprr1a 3 92.48 92.49 +1.08 +2.56 1.75 +4.35
Lce1a1 3 92.65 92.65 3.08 +6.25 +10.00 +8.33
Lce1b 3 92.66 92.66 1.59 +2.33 +3.45 +100.00
Lce1a2 3 92.67 92.67 4.34 1.95 +25.00 +100.00
Lce1c 3 92.68 92.68 1.63 +2.78 +16.67 +100.00
Lce1d 3 92.69 92.69 6.87 +6.67 +33.33 +100.00
Lce1e 3 92.71 92.71 1.93 +20.00 +12.50 +50.00
Lce1f 3 92.72 92.72 3.30 +1.37 +10.00 +100.00
Lce1g 3 92.75 92.75 1.68 +2.17 +4.35 +9.09
Lce1h 3 92.76 92.77 2.88 +11.11 +14.29 +1.92
Lce1i 3 92.78 92.78 3.38 +2.86 +50.00 +100.00
Kprp 3 92.82 92.83 1.90 +14.29 +5.88 +3.03
2310050C09Rik 3 92.87 92.87 1.41 +7.14 +2.00 +100.00
Lce3f 3 92.99 92.99 1.34 1.01 +1.47 +100.00
Crct1 3 93.01 93.02 7.17 +1.52 +20.00 +100.00
Hcrtr1 4 130.13 130.14 +1.03 +1.22 1.09 +2.50
Serinc2 4 130.25 130.28 1.11 +1.30 1.84 +25.00
Fabp3 4 130.31 130.32 1.13 2.63 +1.33 +2.50
Zcchc17 4 130.32 130.36 1.07 +2.04 2.15 +4.35
Pum1 4 130.66 130.78 1.03 +1.14 +1.45 +1.89
Il28ra 4 135.69 135.71 1.06 +3.57 1.75 +2.27
Lypla2 4 135.97 135.97 +1.03 +1.92 2.10 +4.55
Rpl11 4 136.03 136.05 1.03 +12.50 3.42 +3.70
E2f2 4 136.17 136.2 +1.19 +3.23 9.33 +10.00
Tcea3 4 136.25 136.27 +1.19 +2.08 +1.67 +1.72
Zfp46 4 136.28 136.29 1.92 +2.17 2.43 +3.03
4930549C01Rik 4 136.61 136.61 2.82 3.55 +2.38 +2.86
Ephb2 4 136.65 136.84 +1.41 +1.33 +1.85 +1.72
Fam193a 5 34.43 34.49 +1.23 +1.45 1.47 +2.27
Tnip2 5 34.5 34.51 +1.39 +2.70 +1.32 +2.86
Sh3bp2 5 34.53 34.56 2.72 1.82 +2.00 +1.79
Mfsd10 5 34.63 34.64 +1.05 +1.96 1.66 +2.86
Rgs12 5 34.95 35.04 1.23 1.00 1.12 +2.94
Tmem40 6 115.73 115.76 +1.16 +5.56 +2.70 +16.67
Ift122 6 115.85 115.93 1.37 1.01 1.60 +1.75
Tmcc1 6 116.02 116.19 +1.03 +1.85 1.25 +2.13
Anubl1 6 116.26 116.33 +1.54 1.53 +2.17 +1.89
Alox5 6 116.41 116.46 +1.09 +1.03 +1.03 +1.72
Dmwd 7 19.08 19.08 1.09 +2.13 +1.35 +3.45
Fbxo46 7 19.12 19.14 1.03 +1.47 +1.20 +4.76
Eml2 7 19.18 19.21 +1.18 +3.33 +1.67 +2.04
Ercc2 7 19.38 19.4 1.20 1.39 +1.70 +2.04
Klc3 7 19.39 19.4 +1.15 +2.86 1.57 +2.38
Mark4 7 19.43 19.46 1.05 +1.56 1.54 +4.00
Nkpd1 7 19.52 19.53 2.29 +16.67 +1.61 +10.00
Gemin7 7 19.56 19.57 +1.03 +1.56 1.37 +2.44
Clasrp 7 19.58 19.6 +1.25 +2.13 1.81 +2.38
Zfp296 7 19.58 19.58 +1.08 +2.22 3.13 +1.85
Apoc1 7 19.69 19.69 +1.45 +4.17 4.45 +20.00
Apoe 7 19.7 19.7 +1.59 +2.04 3.80 +16.67
Zfp566 7 30.08 30.09 2.43 +3.45 +2.08 +11.11
Polr2i 7 30.23 30.23 1.18 +1.45 2.57 +3.57
Alkbh6 7 30.31 30.31 1.25 1.02 1.47 +1.79
Aplp1 7 30.43 30.45 +1.01 1.03 +1.39 +2.94
U2af1l4 7 30.56 30.57 1.03 +1.59 1.04 +1.70
Wbp7 7 30.57 30.59 +1.10 +1.67 1.54 +6.25
Cox6b1 7 30.62 30.63 1.21 +1.92 +1.37 +12.50
Rbm42 7 30.64 30.65 +1.03 +1.25 1.69 +2.27
Haus5 7 30.65 30.66 1.14 +1.96 +1.14 +1.85
Tmem147 7 30.73 30.73 +1.06 +1.52 1.45 +1.72
Sbsn 7 30.75 30.76 +1.72 +2.50 +3.57 +2.08
Krtdap 7 30.79 30.79 +3.03 +100.00 +7.14 +16.67
Lsr 7 30.96 30.98 +1.08 +5.26 2.35 +50.00
Tmed1 9 21.51 21.51 1.05 +1.79 1.20 +4.17
Table 7. Large Genomic Domains upregulated in Adult Sweat Gland vs. Sweat Gland 
Table 8. Large Genomic Domains downregulated in Adult Sweat Gland vs. Sweat Gland 
Placode 
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Clasrp 7 19.58 19.6 .1.25 .2.13 1.81 .2.38
Zfp296 7 19.58 19.58 .1.08 .2.22 3.13 .1.85
Apoc1 7 19.69 19.69 .1.45 .4.17 4.45 .20.00
Apoe 7 19.7 19.7 .1.59 .2.04 3.80 .16.67
Zfp566 7 30.08 30.09 2.43 .3.45 .2.08 .11.11
Polr2i 7 30.23 30.23 1.18 .1.45 2.57 .3.57
Alkbh6 7 30.31 30.31 1.25 1.02 1.47 .1.79
Aplp1 7 30.43 30.45 .1.01 1.03 .1.39 .2.94
U2af1l4 7 30.56 30.57 1.03 .1.59 1.04 .1.70
Wbp7 7 30.57 30.59 .1.10 .1.67 1.54 .6.25
Cox6b1 7 30.62 30.63 1.21 .1.92 .1.37 .12.50
Rbm42 7 30.64 30.65 .1.03 .1.25 1.69 .2.27
Haus5 7 30.65 30.66 1.14 .1.96 .1.14 .1.85
Tmem147 7 30.73 30.73 .1.06 .1.52 1.45 .1.72
Sbsn 7 30.75 30.76 .1.72 .2.50 .3.57 .2.08
Krtdap 7 30.79 30.79 .3.03 .100.00 .7.14 .16.67
Lsr 7 30.96 30.98 .1.08 .5.26 2.35 .50.00
Tmed1 9 21.51 21.51 1.05 .1.79 1.20 .4.17
Smarca4 9 21.62 21.7 .1.02 .1.85 1.56 .2.33
Ecsit 9 22.07 22.09 .1.12 .2.63 2.44 .1.75
Elof1 9 22.11 22.12 1.12 .1.96 1.99 .2.08
Pigyl 9 22.16 22.16 1.01 .2.86 2.11 .2.33
Zfp599 9 22.25 22.26 1.06 .1.92 .1.41 .2.04
Rp9 9 22.45 22.47 .1.22 .3.03 1.63 .1.79
Bbs9 9 22.48 22.89 .1.18 .3.23 1.58 .2.00
Wdr6 9 108.57 108.58 1.04 1.14 .1.18 .2.38
Ip6k2 9 108.8 108.81 1.07 .3.03 1.19 .5.26
Uqcrc1 9 108.94 108.95 .1.23 .2.33 1.63 .2.13
Col7a1 9 108.95 108.98 .1.37 .2.38 .33.33 .25.00
Pfkfb4 9 108.99 109.03 1.29 .1.96 .1.05 .3.57
Plxnb1 9 109.1 109.12 1.00 .2.33 1.68 .2.08
Pprc1 19 46.04 46.07 .1.12 .1.92 2.00 .1.92
Gbf1 19 46.15 46.29 .1.01 .1.12 1.66 .2.04
Psd 19 46.31 46.33 .1.05 .11.11 1.51 .2.04
Trim8 19 46.5 46.52 .1.04 .1.41 .1.30 .2.17
D19Wsu162e 19 46.6 46.66 .1.45 .1.35 .1.14 .1.70
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Table 9. Keratin 5 Topological 4C-Interactome in Keratinocytes 
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Table 11. Loricrin Topological 4C-Interactome in Keratinocytes 
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Table 12. Loricrin Topological 4C-Interactome in thymocytes 
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